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I.  ANALISIIS 

The  Kman  Ekigineering  stuffy  has  been  aimed  at  making  the  weapon  system 
more  effective. 


A.  INTRODUCTION 

The  general  ground  rales  used  in  the  study  are  as  follows: 

1.  All  the  information  which  the  crew  needs  and  can  use  must 
be  available  with  prooer  accuracy  and  range. 

2.  Information  which  is  unnecessary  or  redundant  should  be 
eliminated. 

3.  Emergency  operation  must  be  nossible  in  case  of  varying 
degrees  of  malfunction. 

h.  The  cockpit  information  must  be  available  in  a  reasonable 
form. 

p.  Displays  and  controls  irtust  be  designed  in  accordance  with 
best  human  engineerin',  practice  to  perndt  maximum  pilot 
contribution  to  mission  success, 

7 .  Equipment  should  be  utilized  to  its  maximum  capability. 

The  human  engineering  developraent  undertaken  has  involved  both 
theoretical  and  experimental  aspects.  Insofar  as  possible,  analysis 
and  previous  experimental  work  has  been  used  to  make  the  final 
recommendations.  In  several  instances  it  has  been  necessary  to 
detemine  answers  to  questions  by  experimental  means. 

The  specific  outcomes  expected  from  the  study  program  were  stated 
in  early  1957: 

1.  Develop  a  hardware  recommendation  for  the  front  conckpit. 

2.  otuc^  the  advantages  of  other  advanced  cockpit  systems. 

a.  Navy  O.N.R.  contact  analog 

b.  WADC  Integrated  Instrument  System 

c.  Hughes  Integrated  System 

3.  Studj--  the  Phase  I  cockpit  for  difficulties  or  weaknesses. 

li.  Outline  the  mission  and  determine  the  pilot  workload  in  terms 
of  new  knowledge  of  and  a  better  definition  of  the  ground 
environment  and  mission, 

5.  Develop  an  evolutionary  Phase  II  cockpit  system  based  upon 
refinements  of  the  Phase  I  system. 
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^■~6,  D«v«lop^an  ■advanced'^  concept  or  revolutionary  cockpit  whi,ch  /f.  ,  ,  ^ 

I  would  allow  for  ideal  operation  of  weapon  systea«wlw^ 

i  .  ™£_ _  ...y 

I  7.  HJvaluate  the  study  and  make  reco!TBMndatipne--trt»reiRT5Ing^ftttura 
f  study  needs.  '  \  n  • 

j  *■  -  \ 

i  The  results  of  the  study  are  reported  in  two  parts*  This  part 
describe^the  analysis  of  the  problem,  evaluations  of  suggested 
displays  and  a  summary  of  the  quantitative  work  accomplished. 

Part  II  will  summarize  the  findings  and  make  I'ecoiunendations'^for 
the  aircraft. 

%The  study  began  with  an  investigation  of  the  current  air  defense 
'^system  employing  broadcast  control  of  F89  and  F102  interceptors. 

The  operational  aspects  of  the  air  defense  command  on  the  squadi^n 
level  were  determined  by  interviews  with  personnel  of  the 
fighter  squadron  and  from  observing  crews  working  out  .int^cept 
problems  on  the  Link  F89  Simulator  (Reference  .1).  Armed  forces 
operations  manuals  were  studied  for  general  requirements  of  air¬ 
craft  used  in  intercept  missions.  >^?i'eliminary  studies  were  devoted 
to  the  specific  weapon  system  problem  and  establishing  a  philosophy 
or  approach  to  the  problem,  — — — ^ 

Honeywell  Phase  I  activity  furnished  the  background  for  the  begin¬ 
ning  of  the  Phase  II  work.  An  advanced  study  program  of  future 
manned  interceptor  requirements  provided  information  concerning 
the  accuracy  and  cfy-naraic  requirements  of  a  future  system  (Rtfarence  2), 

Appendix  C  of  this  report  is  an  extensive  table  of  pilot  workload 
in  various  general  flight  modes.  This  report  contains V^stem  ,  — 

requirements  as  to  information,  accuracy, y>,pilot  action'^nd  ' 

r: diiiacaBeien  ef  each  flight  mode  of  the 'future  intercepto^  .  ‘ 


COMBAT  OPERATIONAL  ANALYSIS  (COA) 
lo  Introduction 


The  COA  is  a  statement  of  the  "events"  which  take  place 
during  the  intercept  mission,  described  in  a  time  sequence 
(see  Appendix  l).  Our  main  concern  was  the  point  in  the 
total  weapon  system  loop  at  which  the  pilot  must  interact 
with  the  machine.  The  COA  is  therefore  delineated  from 
the  pilot's  point  of  view.  "Events"  refer  to  the  individual 
control  actions  the  pilot  takes  (stick  movements,  throttle 
movements,  switch  throwing,  etc.)  and  the  stimuli  he 
receives  from  his  instiaiments  and  from  the  external 
environment  to  his  sensory  receptors  (instrument  readings, 
listening  to  verbal  information,  etc.), 

2,  Sources  of  Information 

a.  Mission  requirements  were  used  as  follows j 

1)  The  main  role  of  the  aircraft  shall  be  high 
altitude,  all-weather,  night  and  day  inter- 
ception  and  destruction  of  eneity  bomber 
aircraft. 
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I.  B.  2, 


a. 


2)  The  secondary  role  of  liie  aircraft  shall 
be  low  altitude  all-weather  nipht  and  day 
interception  and  destruction  of  airborne 
eneny  bomber  aircraft.  However,  the 
aircraft  shall  be  designed  to  fulfill  its 
primary  role  and  limitations  will  b* 
accepted  in  the  fulfillment  of  its  second¬ 
ary  role. 

3)  The  crew  shall  consist  of  a  pilot  and  an 
airborne  interception  radar  operator. 


U)  The  combat  performance  at  combat  weight 
shall  be  higli  speed  and  high  altitude. 

5)  With  the  aircraft  at  normal  gross  weight  and 
positioned  at  the  ends  of  the  ronway,  the 
elapsed  time  from  the  initiation  of  engine 
starting  until  the  aircraft  becomes  airborne 
shall  not  be  more  than  one  minute. 

6)  The  elapsed  time  required  to  reach  a  level 
flight  high  combat  speed  and  a  high  combat 
altitude  from  the  time  the  aircraft  becomes 
airborne  during  take-off  at  normal  gross 
weight  under  sea  level  conditions  shall  not 
be  more  than  five  minutes.  The  optimum 
climb  and  acceleration  schedule  shall  be  used, 

7)  Combat  Radius  of  Action 

The  combat  radius  of  action  at  normal  gross 
wei^t  shall  not  be  less  than  that  of  a  long 
range  intercept.  It  shall  be  based  on  the 
following  mission: 


a)  Scramble, 

b)  Combat  climb  and  acceleration  to  high 
speed  and  attitude. 

c)  Cruise  out  at  combat  speed  at  high 
altitude  to  a  distance  of  ''x”  nautical 
miles  from  base. 

d)  Combat  under  combat  performance 
conditions  and  retaining  armament  for 
$  minutes. 

e)  Return  to  base  at  economical  cruising 
speed. 

f)  Loiter  over  base  above  30,000  feet 
for  1^  minutes. 

g)  Descent  to  sea  level.  (Distance 
covered  during  descent  is  not  to  be 
credited  to  the  radius  of  action. ) 

h)  Land  with  3  minutes  sea  level  loiter 
reserve  remaining  in  fuel  tanks. 


l( 


V  ./ 


ft 


[ 


! 
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I.  B,  2.  a.  8)  The  combat  ceiling  at  combat  weight  shall 

not  be  less  than  '*x"  feet. 


9)  The  aircraft  shall  be  capable  of  taking  off 
safely  in  still  air  at  maximum  gross  weight 
from  6,000  feet  runways  at  sea  level  and  at 
a  standard  summer  temperature  of  38°  C. 

10)  The  aircraft  shall  be  capable  of  landing 
safely  in  still  air  under  NACA  standard 
atmospheric  conditions  at  maximum  landing 
gross  weight  on  6,000  feet  runways,  at 
sea  level. 

11)  Turn  around  time  shall  not  exceed  5  minutes. 

12)  The  aircraft  shall  be  capable  of  meeting 
the  scramble  requirement  of  paragraph  5 
with  a  delay  of  not  more  than  1  minute 
when  dispersed  in  the  open. 

b.  Information  was  provided  on  the  operational  aircraft's 
subsystems  functioning.  For  the  CDA,  a  typical 
high  speed  mission  was  chosen  as  the  problem  which 
would  provide  the  maximum  load  on  the  pilot.  Following 
IS  the  outline  of  the  mission  as  calculated! 


High  Mach  nuraber,  high  altitude,  aircraft  starting 
weight  of  "X"  pounds  (includes!  maximum  internal 
fuel  -  "A"  lb.,  "B"  missiles  -  "C"  lb.) 


CONDITION 

Allowance  to  start  engines 
Take-off  to  50  feet  (A/B  lit) 
Accel,  to  X  liN  (A/B  Lit) 
Climb  to  Y  feet  (A/B  Lit) 
Accel,  to  X  MN  (A/B  Lit) 

Climb  to  I  feet  (A/B  Lit) 
Climb  to  Y  feet  (A/B  Lit) 
Cruise  back  at  Y  feet,  X  MN 
Stack  at  Y  feet  (Max.  End.) 


TI^iE 

MNS. 

FUEL 

LB. 

DISTANCE 

N.M. 

A/C  WGT. 

LB. 

T 

F 

X 

Tl 

^1 

X2 

^3 

■ 

^3 

% 

^5 

% 

"6 

^6 

°6 

^6 

T? 

Fy 

Xj 

T8 

F8 

D8 

X8 

Descent  to  Sea  Level 

Land  with  ?  rain,  fuel  reraaining 


total  Tt  Dj  jLj. 

The  cruise  times  and  distances  were  modified  for  the  GOA  in  order  to  include 
an  indentification  pass*. 


B,  2.  c.  Interviews  were  held  with  current  F89  jet  interceptor 
pilots  from  ii32nd  Fighter  Squadron,  USAF,  stationed  at 
Wold  Chamberlain  Field  in  Kinneapolis  and  with  the 
3U3rd  Fighter  Group  at  Duluth,  Minnesota.  The  latter 
is  one  of  the  few  groups  in  the  country  equipped  with 
the  Convair  F102A  interceptor,  a  delta-wing  single  place 
interceptor  of  somewhat  less  tactical  capability  than 
the  aircraft  understudy,  yet  the  most  modem  operational 
supersonic  interceptor  available  for  study. 

Mission  procedures,  cruise  control  problems  and  special 
liandling  techniqr.cs  were  defined  and  utilized,  where 
applicable,  in  the  COA. 

d.  Data  on  optimum  and  maximum  climb,  cruise  and  level 
flight  altitudes  and  speeds  were  computed  and  made 
available  by  the  Minneapolis-Honeywell  Aeronautical 
Division  Analysis  Group.  These  were  utilized  in 
calculating  the  energy  consumption  and  the  duration  of 
the  discreet  events  (accelerate  to  X  MN,  climb  to  Y  feet, 
accelerate  to  MN,  etc.)  in  the  COA. 

e.  Dunlap  and  Associates,  under  separate  subcontract 

agreement,  studied  the  mission  and  contributed  an 
(Operational  Analysis  of  a  High-Speed,  Short-Range 
Combat  Mission  .  .  .  part  of  which  was  used  as  an 

outline  for  the  COA 

f.  "Design  Study  and  Recommendations  for  Cockpit  Instrumentation 
for  the  Airborne  Weapons  Systems  Phase  I"  and  other 
information  on  the  electronics  to  be  used  in  the  aircraft 
was  studied. 


To  F^  D9  X9 

^13  ^'■'10  DiO  Xno 
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I.  B.  3.  Procedure 

a.  Initially,  the  mission  was  divided  into  five 

operational  phases: 

1)  Preflight  and  takeoff 

2)  Acquisition  and  identification 

3)  Attack  and  assessment 

li)  Return  to  base 

5)-  Turn  around 

b.  Then  the  information  sources  were  used  to  derive  the 

following : 

1)  The  individual  pilot  actions 

2)  The  controls  and  instruments  which  were 
being  used  during  each  of  the  pilot  actions 
(This  assumed  the  use  of  the  proposed  Phase  I 
operational  cockoit  layout. ) 

3)  The  "present"  and  "desired"  instrument 
readings  (showing  the  discrepancy  bet  uen 
the  actual  condition  of  the  aircraft  ..d  the 
necessary  change  to  the  prefr  'red  mode) 

h)  The  inforiTHtion  needed  by  the  pilot  to  meet 
the  immediate  mission  requirement 

3)  The  elapsed  time  in  the  mission,  which  was 

used  to  phase  in  events  in  the  proper  sequence 

6)  The  mission  time  which  was  consumed  major 
events  within  each  operational  phase 

7)  The  time  required  for  the  pilot  to  operate  each 
of  the  individual  events  within  the  major  events 

8)  The  sensory  channel  through  which  the  pilot 
received  the  information  (i.e.,  visual, 
auditoiy,  tactile,  kinaesthetic) 

9)  The  "motor"  channel  with  which  the  pilot  puts 
information  into  the  system  (i.e.,  hands, 

feet,  speech)  ^ 

10)  The  remaining  fuel,  distance  flown  and  aircraft  f 

wei^t  * 


!•  B.  Reaults 


i  i 


The  COA  is  found  in  Anpendix  1  of  this  report.  The  COA 
initial  organizational  step  in  the  process 
of  defining  the  optimum  relationship  of  the  pilot  to  the 
aircraft,  "optimum'*  here  meaning  maximally  successful 
completion  of  the  mission  through  improved  probability  of 
development  process,  operational  unknowns 
defined,  so  that  for  the  later,  more 
detailed  analysis,  a  still  more  extensive  information 
search  was  possible. 

outline  of  the  miseion  vhich 

was  used  in  the  next  analysis. 


C,  SECOND  BY  SECOND  OPERATIONAL  ANALYSIS  (SSOA) 

1.  Introduction 

The  use  of  al,l  the  controls  and  instruments  in  the  Phase  I 
operational  cockpit  during  the  high  speed  intercept  mission 
(as  defined  in  the  COA)  was  plotted  in  a  second  by  second 
time  sequence  (Appendix  2).  The  ordinate  of  the  two  axis 
plot  is  this  front  cockpit  listing.  The  abscissa  represents 
elapsed  time  in  the  mission. 

The  pilot  receives  information  from  his  instruments  and  from 
the  external  environment.  These  stimuli  are  received  by 
vartous  se^ory  channels  (visual,  auditoiy,  tactile,  kinaesthetic ) 
and  transmitted  to  his  brain o  The  pilot  makes  control  movements 
to  put  information  into  the  weapon  system.  For  this  analysis 
his  control (or  "motor")  channels  include:  hands,  feet  and  voice, 

Uie  information  the  pilot  receives  from  his  instruments  and 
from  the  external  environment  is  referred  to  as  "perceptual 
inputs  to  the  pilot."  The  information  which  he  puts  into  the 
total  weapon  system,  including  control  movenffints  within  the 
aircraft  and  verbal  intelligence  spoken  to  the  ground  controller 
and  the  OBS/AI,  is  referred  to  as  "motor  outputs  from  the 
pilot." 

In  order  to  set  down  the  events  of  the  mission,  coded  symbols 
were  developed.  Perceptual  inputs  to  the  pilot  include  symbols 
for:  observe  in  the  cockpit,  observe  out,  listen,  sense  try 
touch.  Motor  output  symbols  incl\ide;  left  hand,  right  hand, 
left  foot,  right  foot,  and  speech.  To  descid.be  the  action 
that  took  place  in  each  event,  directional  symbols  were  used, 
including;  l)  up,  increase,  on,  open,  advance,  in,  forward; 

2)  down,  decrease,  off,  close,  retard,  out,  back;  3)  left; 

4)  right;  and  5)  center,  neutral,  normal. 


I- 

yr>r  ... 
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I.  C.  2.  Assumptions 

a.  The  weapon  system  is  functioning  satisfactorily 
throughout  the  missiono 

b.  The  Phase  I  operational  cockpit  layout  was  used, . 

and  was  correctly  arranged  as  described  in  Reference  U. 

c.  The  pilot  makes  only  ••necessary”  control  movements 
and  instrument  readings.  (This  assumption  has 
implications  which  will  be  discussed  further  in 
Section  VI,  Theoretical  Use  Frequency  Analysis  and 
Link  Studies.;  At  the  initiation  of  a  transition 
in  any  axis  we  recorded  discrete  readings  of 
instruments  which  would  reasonably  be  used  for  that 
transition,  but  no  attempt  was  made  to  theoretically 
derive  reading  and  scan  pattern  techniques  during  the 
steady-state  modes. 

d.  The  pilot  is  well  trained  and  always  makes  the  correct 
decision", 

e.  The  mission  oroi'ile  cccurs  as  described  in  the  CCA. 

f.  The  aircraft  is  in  standby,  fully  checked  and  prepared 
for  immediate  flight. 


g.  No  ECM  are  encountered. 


3.  Sources  of  Information 

The  primary  source  of  information  for  the  SSOA  was  the  COA,  which 
was  revised  and  expanded  by  new  and  corrected  information.  Other 
sources  include  all  these  detailed  in  the  COA. 


U.  Procedure 

Initially,  all  the  instruments  and  controls  in  the  Phase  I 
operational  aircraft  were  organized  into  eight  basic  flight 
parameter  groups.  The  form  of  grouping  was  derived  l:y  seeking 
the  most  basic  definitions  of  the  frequently  used  terms; 
•'Mission”  and  •'weapon  System."  The  existence  of  a  ''mission” 
to  be  accomplished  was  acknowledged  as  the  prime  mover  in 
the  development  of  the  '’weapon  system"  The  definitions  of 
the  intercept  mission  which  was  provided  is:  high 

altitude,  all-weather,  night  and  day  interception  and 
destruction  of  enemy  bomber  aircraft, "  For  the  purpose  of 
organizing  the  instruments  and  controls  into  groups  which 
were  mutually  exclusive  and  which,  in  sum,  were  inclusive 
of  everything  which  might  possible  be  needed  in  the  cockpit, 
the  following  definitions  were  derived: 
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C,  it. 

Mission  -  the  transfer  and  employinent  of  destructive 
power  from  an  origin  to  a  particular  point  in  space-time 

Weanon  System  -  energy  which  can  be  expended  in  a 
controlled  manner. 

Then,  comoining  the  two  to  give  a  statement  of  the  weapon 
system  being  used  to  carry  out  the  mission,  we  had: 

"Energy  wiiich  is  expende.i  in  a  controlled  manner  to 

effect  the  transler  and  empic;yment  of  destructive 

power  from  an  origin  to  a  particular  point  in  space-time." 

Analysis  of  this  statement  nrovided  the  basic  groups  under 
idiich  the  instrumentr  and  controls  were  organized,  as  follows: 

1.  Positron  of  Aircraft  in  Space 

2.  Orientation  of  Aircraft  in  Space 

3.  Rate  of  Change  of  Position  of  Aircraft  in  Space 
1|.  Energy  (engines) 

Biomedical  Factors 

6.  Communications 

7.  Armament 


8,  Aircraft  Sub-systems  (miscellaneous) 

The  groups  were  r^^unbered  according  to  the  expected  frequency 
of  use  of  each  group.  This  form  of  grouping  provided  .a 
logical  location  for  the  instruments  ;md  controls  which 
facilitated  the  mecha.nics  of  the  anali--sis.  The  individual 
Instruments  and  controls  in  the  front  cockpit  were  arraneed 
as  follows:  ^ 


I.  Position  of  Aircraft  in  Space 


1. 

2. 

3. 

ii. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 


Rads^  Attack  Scope 
A/C  Center 
Panel  Intensity 
Scope  Intensity 
Tower  access  panel 
RDY 
ML 

IDC 

I  Input  Select  Switch 
Ebctei’nal  Environment 
Altimeter  (turn  to  set) 
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I.  C.  k. 


1  ■ 

■I.  12. 

Command  Altitude  Coun-ter 

j. 

13. 

Target  Altitude  Counter 

lli. 

Magnetic  Conroass 

13. 

A] 

*'CS  Panel 

I 

16. 

Flight  Path 

1 . 

17. 

On-off 

18. 

Navigation 

r 

19. 

Control  Stick 

} 

20. 

El.  &  Ail.  Trim  Sw. 

k 

21 

Trigger 

.. 

22. 

Damper  Disconnect 

23. 

Nose  VJheel  Steer 

r 

2h. 

Radar  Overheat 

II.  Orientation  of  Aircraft  in  Space 


1. 

2. 

3. 

h. 

5. 

6. 

7. 

8. 
9. 

10. 

11. 

12. 

13. 

lU. 

13. 

16. 

17. 

18. 

19. 

20. 
21. 
22. 


FDAI 

J-iOde  delect 
Horiz .  Center 
Needle  Adjust 
Turn  &  Slip  Ind. 

Damper  Control  Pnl 
Power 
Engage 
Emergency- 
Rudder  Trim 

Control  Surf.  Pos.  Ind. 
Rudder 
Aileron 
Elevator 
Damping  Out 
Emerg.  Damn. 

R-P  Axis  Out 

Damner  Circuit  Breaker  Panel 
Normal  A,  B,  C,  DC 
Emergency  A,  B,  C,  DC 
Rudder-brake  pedals 
Rud.  Pedal  Adjust.  Cont. 


III.  Rate  of  Change  of  Position  of  Aircraft  Through  Space 

1.  IAS 

2.  Mach 

3.  Rate  of  Climb 

U.  Accelerometer 
3.  ( Push  to  Set 

6.  Clock 

7 .  I  Set  Knob 

8.  Throttle 

9.  (Speed  Brake  Sw. 

10.  Brake  Chute  Control  Lever 

11.  Parking  Brake 


t  . 


a  IT-" 
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I.  c.  1*. 

IV.  Energy  (engines) 


1. 

EPI 

2, 

Fuel  Quantity 

3, 

External  Tank  Quant. 

h. 

External  Tank  Jettison 

3. 

F; 

ire 

6. 

L,H. 

7. 

HID 

8, 

RH 

Second  Shot 

10. 

L. 

iP.  iliel  Cocks 

11. 

Cross  Feed 

Lii  Only 

13. 

Normal 

11n 

RH  Only 

13. 

Eng.  Fuel 

16. 

ICmerg. 

17. 

Normal 

18. 

Eng.  Start  L  +  ft 

19. 

Engine  ftelight  L  +  ft 

20. 

Low  Hotor  0* Speed  L  +  ft 

21. 

Oil  Press  L  +  R 

22. 

Fuel  Low  L  +  ft 

23. 

Eng.  Fuel  Press 

2ii. 

f'’uel.  Trans.  Off 

23. 

Ext ,  Tank  Empty 

26. 

Eng.  Emerg,  Fuel 

27. 

Tank  Jett.  Fail, 

28. 

ftli 

TJi  Eng.  Bleed  Fail 

Bio-Kedical  Factors 

1. 

Air  Cond.  Fail 

2, 

Cabin  Press. 

3, 

Cabin  Press  Altit, 

ii. 

Liquid  Oxygen  Quant.  % 

3. 

Air  Cond.  Panel 

6, 

Temp,  Coil-warm 

7. 

Air  Supply  Norm,,  Off,  Eraerg 

8. 

1 

Cabin  Press.  Damp. 

9. 

Canopy 

10. 

|Glose-off~open 

11. 

Manual  Canopy  Lock 

12. 

Emerg.  Canopy  Opening  Lever 

13. 

Seat  Raising  Handle 

Ih. 

Oxy.  Test  rull  i^ress. 

13. 

Emerg.  Oxy.  Manual  Control 

16. 

Manual  Nai'ness  Release 

17. 

Composite  Leads  Disconnect 

18. 

Anti-G  Valve 

19. 

Ejection  Lever 

20. 

High  Alt.  Lgt.  On-off 

} 

■  •  ■  .  f 
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It 

V,  21.  Main  Panel  Off-bright. 

22.  Consoles  Panels  Off-bright 

23,  Console  Flood  -  Off-bright 
2ii.  Ext.  Lights  Land-off- taxi 

25.  Nav.  Lights  Fl.ash-off-stdy 

26,  Defog  On-off 

VI.  Goimininications 

1.  '-'ill''  Control  Panel 

2 .  un-ox' i.' 

3«  Volume 

1;,  Channel  Select 

5.  Tone 

6.  Innut  Select  Off-main-both-adf 

7.  iadio  Compass  Control  Panel 

8 .  CW  Voice 

9 .  Volume 

10.  Tuning 

11.  Loop  L-R 

12 .  Bandswi tch 

13.  Function  Selects  Off-adf-ant-loop-cont. 

Inter-com  Control  Panel 

15.  Volume 

16.  Inter 

17.  Comp. 

18.  Comm. 

19.  Tacan 

“20.  Tel. 

21.  Aux.  Listen-normal 

22.  Channel  Selector 

23.  Control  Panel 

2U.  SIF  Mode  1  10  position 

25.  SIF  Mode  3  10  Position 

26.  IFF  Master  Off-stdby-lo'w-norm-emerg. 

27 .  Mode  2-out 

28.  Mode  3-out 

29.  l/P-out-mic. 

30.  Antenna  Duplexer  Control  Panel 

31.  UliF  Ant;  Data  Link  Up,  low-D.L.Loxx 

32.  UFF-IFF  Emerg.  Press  to  Test 

33.  Press  to  Talk  Button 
3lx.  UHF  Channel  Indicators 

VII.  Armament 

1.  Armament  Control  Panel 

2.  lArmt.  Available  SlvX-Svm-p’WD-REAii-None 

3.  Am 

U.  Jettison 

,  5.  Launcher  Retract 

6.  Aianto  Select  S'w-fwd-rear-all 

7 .  Attack  Select 

8.  Missile  Hung 

9.  Stores  Jettison 

X  O  ■■■■■  '  ■  ■■■ 


Up 
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I.  C, 


VIII*  Aircraft  Subsystems  (Misc» ) 

1.  Landing  Clear  Position  Indicator 

2.  Lndg  Gear  Control  Up-on-emerg.  Esten.' 

3.  Anti -skid  Emerg.  Off -norm. 
ko  Nav.  Bail  Out  Button 

3.  Master  »'/am.  Lts.  Re.i-amber-nav,  out  Green 

6.  Master  .varning  Panel 

7.  Fly.  Cond.  Hyd  (2) 

8.  Alternators  Fail  L  +  R 

9.  D.G.  Fail  L  +  R 

10.  Util,  hydraul. 

11.  Emerg.  Brake  Hydraul. 

12.  Ice 

13*  Press  to  Test 

lli.  Press  to  Reset 

13.  Day-night 

16.  D.G.  Reset 

17.  Master  Electrical  On-off 

18.  Alternators  Start- trip 

19.  Battery  I-jaster 

20.  Lnd.  Gr  Urn.  Light 

21.  Battery  Use 


Later  in  the  analysis  the  groups  were  considered  as  functional, 
unit-information  sources.  The  validity  of  using  the  groups  as 
whole  integrated  units  in  an  advanced  cockpit  was  considered  in 
terms  of  contribution  to  mission  success.  The  results  will  be 
discussed  in  the  next  section. 


After  the  grouping  procedure,  each  perceptual  and  motor  event 
was  recorded,  with  the  appropriate  symbol,  as  detailed  in  the 
introduction,  and  in  the  appropriate  place  to  designate  the 
instrument  and/or  control  being  used  and  the  moment  in  time  that 
it  was  used. 

The  three  analyses  which  follow  were  derived  directly  from  the 
SSOA.  Appendix  2  is  the  final  form  of  the  SSOA. 


D.  THEORETICAL  USE  FREQUENCY  ANALYSIS  AND  LINK  STUDIES 


1»  Instrument  Relationships 

The  "use  frequency"  of  an  instrument,  as  the  name 
implies,  is  the  number  of  times  the  instrument  is 
used.  This  theoretical  analysis  is  a  plot  of  the 
estimated  total  number  of  times  each  instrxunent  was 
used  throughout  the  mission  based  upon  present 
experience  and  the  mission  requirements.  It  is  an 
indication  of  the  relative  importance  of  each 
InstiTUment.  (Figure  l) 


■  d 
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This  theoretical  use  frequency  analysis  was  made  dl.rect3y 
from  the  SSOA.  Asstunption  3  in  the  SSOA  indicates  that  the 
actual  frequency  of  use  is  perhaps  different  because  the 
instrument  use  during  steacfy-state  modes  throughout  the 
mission  was  not  estimated.  For  example,  whereas  it  was 
valid  to  assume  that,  at  the  end  of  a  climb  mode,  where  the 
pilot  v/as  trying  to  establish  a  certain  altitude,  he  would 
make  a  certain  minimum  number  of  altimeter  and  rate  of  climb 
readings;  it  was  not  valid  to  assume  any  particular  instru¬ 
ment  scanning  technique  for  the  steady-state  modes  without 
considering  the  particular  aircraft  (dynamics.  For  this 
reason  the  SSOA  was  a  conservative  statement  of  the  instru¬ 
ment  reading  work  per  unit  time  that  the  pilot  would  accom¬ 
plish  during  the  mission. 

For  this  analysis  a  "link"  is  defined  as  a  shift  from  one 
instrument  to  another.  The  theoretical  link  study  plots  the 
links  (greater  than  1^)  between  each  instrument  with  every 
other  instrument  in  the  front  cockpit,  expressed  as  a 
percentage  of  the  total  shifts  for  the  mission  (Figure  2). 

In  flight  link  studies  have  been  made  at  tVri^t  Air  Develop¬ 
ment  Center  flying  specific  maneuvers,  ground  control  approach 
and  instrument  low  approach  systems  in  aircraft  such  as  the 
C~k^  (multi-engine  transport)  and  the  T-33  (sub-sonic  jet 
trainer).  In  these  the  frequency,  duration  and  sequence  of 
pilot  eye  fixations  was  taken  from  films  made  of  the  pilots* 

•ye  movements  during  flight.  Table  1  compares  these  percent 
link  values,  and  indicates  difference  (above  1%)  between  the 
aircraft  understudy  during  the  entire  intercept  mission  and 
the  T~33  during  an  ILAS  mode  and  the  average  values  of  all 
the  various  modes  of  the  in-fli^t  studies. 

Because  examination  of  the  individual  instruments  shows  that 
the  differences  between  the  theoretical  and  the  in-flight 
studies  are  explainable  in  terms  of  different  aircraft, 
flight  modes,  instruments,  and  the  fact  that  the  steady-state 
scan  mode  was  not  estimated  in  our  study,  the  in-flight  studies 
tend  to  support  the  validity  of  the  theoretical  analysis. 

The  results  of  the  theoretical  analysis .indicate  generally 
that  the  cockpit  is  well  laid  out  using  the  proposed 
instruments.  The  application  of  the  link  study  information 
will  be  discussed  further  in  Part  2,  "Recommendations." 


Group  Relationships 

Theoretical  link  relationships  between  the  groups  are  shown 
in  Figure  2.  If  grouping  such  as  this  is  to  be  used  to 
organize  the  cockpit,  it  is  necessary  to  examine  the  functional 
validity  of  the  grouping. 


I.  D.  2. 
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A  calculation  was  made  of  the  ratio  of  the  use  within  the 
group  to  the  use  between  the  group  and  all  other  groups  to 
help  determine  the  relative  validity  of  the  grouping. 

Group  12  3^567  8 

•“'5  .033  .153  .101.  .226  .279  -.591  .31,2 

It  1/as  reasoned  tiial  a  group  vrfiich  is  primarily  linked  to  other 
groups  and  mth  fc-v,  internal  links  woi\ld  not  be  considered  a 
good  grouping j  and,  conversely,  those  groups  with  many  intra¬ 
group  links  and  few  inter-grcup  links  would  be  useful  groups. 

It  was  further  reasoned  that  many  inter-group  links  for  a  given 
pair  or  set  of  groups  would  be  a  good  basis  for  an  integration  of 
the  separate  components  of  the  involved  groups  into  one  group. 

The  results,  taken  from  Figure  a,  are  as  follows: 

1.  Groups  1,  2  and  3  have  a  predominance  of  inter-group 
links  among  themselves,  and  they  are  relatively  poor 
separate  groups;  therefore,  it  is  indicated  that  these 
groups  would  be  suitable  for  integration.  Using  the 
ratio,  as  above,  of  internal  to  external  links,  the 
value  for  groups  1,  2  and  3  considered  as  one  group  is 
0.779. 

2.  The  link  values  of  group  U  are  almost  evenly  spaced 
aiTiong  all  the  other  groups.  Because  of  weak  intra¬ 
group  links  it  is  a  poor  group  ty  itself.  However,  it 
is  related  to  groups  1,  2  and  3  (considered  as  a  whole). 

3.  Groups  7,  8,  6  and  3,  in  that  order,  are  relatively 
valid  groups.  The  ratios  for  these  groups  suggests 
integration  individually  within  each  group. 

h.  There  is  no  functional  relationship  between  groups  5 
and  6,  i;  and  7,  7  and  8, 
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TABLE  I 

EIE  MOVEMENT  LINK  VALUES  BETWEEIV  AIRCRAFT  INSTRUMENTS 

Theoretical  Values  for  Our  Aircraft  Compared  to 
In-flight  Studies  on  C-k^,  T-33  and  the  Average  (Percent  Links) 
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PEIiCEPTUAL'  AND  MOTOR  INFORMATIONAL  ANAL  ISIS 
1.  Introduction 

a.  Theory  . 

"Information  Theory, "  a  relatively  new  field  of 
scientific  investigation  maintains  that  an  exchange 
cf  intelligence  (or  information)  can  be  quantitatively 
analyzed  and  that  the  nature  of  the  exchange,  the  rate, 
and  quality  can  be  nredicted  and  coding  principles  can 
be  specified.  A  basic  unit  of  information  can  be 
defined  and  validly  applied  to  any  intelligence  source, 
regardless  of  the  particular  energy'’  form  of  the 
information.  The  "bit"  is  the  unit  measure  of  informa¬ 
tion  (condensation  of  "binary  digit").  It  is  equal 
to  the  logarithm  to  the  base  2  of  the  number  of 
equiprobable  alternatives  which  are  available  at  a 
given  tirm^*  If  "n"  is  the  number  of  equiprobable 
alternatives,  the  information  "H"  in  bits  is  equal  to 
the  exDonential  to  which  2  must  be  raised  to  equal 
W  i.e.  :  log2  =  2,  logp  8=3,  etc.  Thus,  a 
tjjTo-position,  labeled  switch  would  provide  one  bit 
information  by  its  position  as  a  perceptual  input 
to  an  obs^ver  (i.e.:  he  sees  the  position  of  the 
S^tch),  This  is  true  in  the  case  where  the  alterna¬ 
tives  ar?  eqrri probable.  However,  if  the  observer  had 
reason  to  believe  that  the  switch  is  three  times  more 
likely  to  be  in  tTi®  filfSt  ^josition  than  the  second 
position#  thHp,  generally', 

H  bits  =  p  i  log^  p  i, 

where  "p"  is  the  probability  of  occurrence  of  "i", 

one  of  the  alternatives,  and  specifically  where  p,  <=  .75 

and  P2  =  .25,  ^ 

H  bits  =  -  (p^  log2  p^  +  pg  logg  Pg) 

=  -  (  -.3113  -  .5000) 

=  .8113  (bits  of  information). 


If,  instead  of  looking  at  the  switch  to  gain  information, 
the  operator  elected  to  throw  the  switch  to  some  position 
he  would  have  committed  a  "motor  output"  to  the  system 
of  ,8113  bits  of  information. 
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I.  E,  1.  b.  Context 

The  context  of  this  intelligence  exchange  is  a 
"system. "  Intelligence  is  put  into  and  taken  from 
a  system  to  accomplish  some  goal.  We  are  concerhe4 
with  the  information  exchange  in  the  weapon  system  ' 
and  with  the  rate  at  vtiich  inforrrx'tion  is  exchanged* 

c.  Rate 

A  concept  of  "channel  capacity"  has  been  established 
in  information  theory,  two  formal  definitions  of 
which  are: 


J 


J 


1)  If  the  stimulus-response  m.atrix  is  known, 

then  there  exists  a  set  of  stimulus  probabilities 
such  that  the  inf orr.'T*’ t  on  transmission  is 
maximized. 

2)  If  the  input  probabilities  and  the  nhysical 
characteristics  of  a  channel  are  known,  then 
tl.ere  exists  a  code  such  that  the  information 
transmission  is  maximized;  the  rate  obtained 

by  either  mothou  ic  called  channel  capacity.^^^ 

But  neither  approach  is  very  useful  when  working  with 
man;  a  poorly  icnown  and  noorly  controlled  channel. 

Licklider^^^  performed  several  direct  experiments  to 
empirically  determine  maximum  channel  capacity,  The 
first  of  these  was  a  simple  perceptual  identification 
(select  blackened  squares,  placed  at  random,  in  a 
matrix  of  white  squares)  followed  by  a  simple  motor 
response  (mark  the  black  squares).  The  highest  rate 
was  15  bits  per  second.  For  reading  random  sequences 
of  words  at  rapid  speed,  Licklider  found  that  the 
transmission  rate  rose  with  increasing  vocabulary  to 
a  plateau  of  about  25  bits  per  second.  By  combining 
the  two  tests,  the  total  rate  went  up  to  35  bits  per 
second.  No  substantial  improvement  beyond  this  point 
was  found.  H.  Quastler'^^  estimated  the  rate  of 
infomnation  transmission  for  oral  reading  of  coherent 
English  texts  and  the  informational  yield  of  high 
speed  mental  arithmetic  and  in  both  cases  arrived  at 
a  rate  of  21;  bits  per  second, 

A'' methodical  investigation  of  the  limits  of  inforjna^- ' 
tion  transmission  (lb)  in  typewriting  (random  texts)  p 
and  playing  piano  by  sight  (random  music)  resulted 
in  a  range  of  values  from  1  to  27  bits  per  second 
for  alphabets  of  U  to  65  possible  choices.  The 
plateau  of  highest  transmission  rate  was  established 
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when  using  a  set  of  37  equiprobable  choices  (keys, 
in  the  piano  tests).  The  results  of  these  tests  are 
summarized  in  these  three  rules: 


1)  In  the  neighborhood  of  ncak  transmission, 
inioriiiation  transmission  is  limited  by  a 
highest  eflective  soeed,  a  highest  effective 
range,  oi*  a  highest  transmission  rate, 
whichever  imposes  the  lowest  limit. 

2)  If  the  stress  in  one  direction  (speed  or 
range)  is  small,  then  thie  limitation  in  the 
other  is  somewhat  relaxed,  ("Simple 
challejige  effect"). 

3)  Attempts  to  go  much  beyond  the  highest 
effective  speed,  the  highest  effective  range, 
or  tJie  highest  tranc  lission  rate  result  in 
lowered  performance:  "confusion  effect." 


Hn  aiieinpt  to  summarize  all  the  da 'a  on  human  channel 

aSl^tS  TT  figure  which  would 

apply  to  the  Phase  II  information  analysis  proved 

impossible  within  the  scope  of  this  study,  because  of 

aj^de  variety  of  resul+s  ;,rhich  experimenters  have 

the  research  one  pattern  became 

tS'avSlJh?  ^  simpliiying  assumption, 

the  available  evidence  was  utilized  for  our  analysis" 

In  Grossman's  study (U)  nri  attempt  is  made  to  explain 
toe  wide  variation  from  task  to  task  in  information 
capacity.  He  points  at  a  fundamental  difference 
between  two  task  types.  The  first  is  the  non-symbolic, 
where  toe  response  is  in  direct  mathematical  correspond¬ 
ence  with  the  display,  defined;  "If  a  unique  algebreic 
transformation  can  be  applied  to  the  error  signal 
displayea  to  the  operator  and  give  the  response  to  be 
made  by  him,  with  a  definite  point  or  region  of  zero- 
error  previously  selected  by  him,  the  task  is  non- 
symbolic."  All  other  task  types  would  be  "symbolic." 

In  the  latter,  the  error  must  be  translated  instead 
of  transformed.  The  symbolic  tasF  therefore  involves 
coding  Cstatistically,  as  defined  by  Shannon)  and  is 
much  more  flexible. _  In  engineering  terms,  the  human 
operator  may  act  either  as  a  continuous  (non-symbolic) 
o  as  a  digitally  operated  (symbolic)  servo-mechanism. ''(H 


Information  Analysis  (Appendix  3) 
a.  Procedure 

The  Perceptual  and  Motor  Infonnation  Analysis  which 
was  conducted  for  the  Phase  II  program  is  a  statement 
in  tabular  form  of  each  discrete  information  exchange 
between,  the  -allot  and  the  remainder  ci  the  vreapon 
system.  A  list  of  each  lastrujTii  nt  (Column  C)  and 
control  (Column  e)  usage  in  time  sequence  is  provided 
along  with  the  accuracy  (Column  d)  with  which  each  is 
used  at  the  given  mcveiiient.  Then  the  number  of 
possible  equiprcbable  choices  (Column  k)  which  are 
available  to  the  Int’ormation  receiver  is  set  doim  and* 
from  this,  the  "bits"  of  information  (Column  j)  is 
derived  according  to  the  formula: 

\its  "  ^ 

where  "n"  is  the  number  of  possible  equiprcbable 
choices.  From  this  the  time  durations  (Columns  f,  g, 
hj  i)  of  etich  exch^inpG  \k:vc  cinternilnpcl  by  using 
appropriate  rates  of  information  transmission,  as 
discussed  below.  Any  special  cases  are  discussed  in 
the  Notes  (referenced  in  Column  0)  which  are  found 
at  the  end  of  the  appendix. 

Account  is  made  of  elapsed  mission  time  (Column  a), 
and  the  sum  of  the  exchanges  for  each  ten-second  interval 
is  provided  in  terms  of  total  bits,  total  time  occupied, 
and  percent  of  the  ten-second  interval  occupied 
(Columns  1,  m,  and  n  respectively). 

The  analysis  was  derived  directly  from  the  "Second  by 
Second  Operational  Analysis"  and  the  coding  used 
(Column  b)  is  identical  with  the  coding  employed  in 
til©  SSOA  • 

b*  Rate 

By  classifying  the  data  from  Crossman's  stuefy  and  the 
were  performed  by  other  experimenters 
li>«20,2h,  25#  according  to  symbolic  and  non- symbolic 
tasks,  rough  values  for  each  categoiy,  of  5  bits  pel" 
second  and  20  bits  per  second,  respectively,  were 
chosen  for  the  Information  Analysis.  The  applications 
of  these  rates  to  the  analysis  was  done  on  a  logical 
basis,  correct  to  the  degree  to  xdiich  the  tasks  could 
be  clearly  defined  as  symbolic  or  non-symbolic . 


/  .,  '.  *  -..  ;  .  ^••.  ->•  ,-■*■■  ■■*'.•'  -  :' 

av-:;  '  ■; ...  ''^■'  ' 
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1«  E»  2*  e*  Special  Probleins 


The  verbal  ccnranunication  between  the  pilot,  the 
observer  and  the  ground  controller  presented  a  special 
problem*  According  to  Frick  and  Sumby(2lJ  Bub*- 
language  of  the  general  English  language  v;as  selected 
for  study.  Because  the  set  of  possible  messages  ef 
the  sub-language  was  less  than  the  set  of  possible 
messaps  of  the  parent  language,  less  information  per 
word  is  transferred  wj.th  the  sub-language j  it  is  more 
redundant.  The  linguistic  structure  of  English  is 
about  60  percent  redundant  relative  to  the  information 
transferred  with  the  same  number  of  letters  arranged 
in  random  order.  VAien  the  situational  restraints  of 
the  control  tower  language  are  also  taken  into  accoun*- 
Its  redundancy  is  raised  to  96  percent."  '' 
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A  figure  ot  75  percent  redundancy  was  used  in  the 
Information  Analysis  for  all  verbal  communication 
because  it  was  reasoned  that  the  language  employed 
d^ing  the  intercept  mission  would  be  a  sub-language 
of  -Uie  general  Hhglish  language,  but  would  have  leL 
situational  restraint  than  the  control  t  ower  sub¬ 
language.  Note  #3  in  the  analysis  describes  the 
technique  for  arriving  at  the  infonnation  and  time 
value  for  a  given  verbal  message. 


Where  applicable.  Figure  1^(22)  uggjj  motor 
actions  in  the  Information  Analysis,  to  establish 
physical  movement  Ccontrol)  times.  Reaction  time 
based  on  the  complexity  of  the  discrimination  needed 
was  computed  from  the  following  equation: 

(milliseconds)  =  270  logg  (n  +  1), 
reading" (9^^  discriminations  required  before 


/  / 
/ 


additional  special  cases  are  discussed  in  the  note® 

Figure  5  is  a  summary  c£ 
the  Pilot  Work  Load  plotted  graphically,  taken  from 
the  values  obtained  in  the  Information  Analysis,  This 
is  a  very  conservative  estimate  in  that  it  is  not 
corrected  for  the  steady-state  instrument  monitoring 
activity  of  the  pilot.  Ihe  latter  was  experimentally 
cteten^ed  in  the  Mininoun  Control  Time  Studies  which 
will  be  discussed  in  the  next  section. 
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F„  SXPEKIMENTAL  DETERMINATION  OF  PILOT  WORK  LOAD  IN  GONTSOLLING  THE  AIKCHAFT 
IN  ITS  VERTICAL  AND  LATERAL  AXES 


The  previous  studies  determined  pilot  requirements  in  the  areas  not  asso¬ 
ciated  with  the  continuous  control  problem^  An  estimate  is  also  necessary 
of  the  difficulty  the  pilot  will  experience  in  flying  the  airframe  apart 
from  its  switches,  communication  system,  radar  and  other  equipment.  The 
necessary  accuracy  of  the  determination  of  the  continuous  control  problem 
is  a  relative  matter.  The  aircraft's  stability  augmentation  is  designed 
to  reduce  the  complexity  of  the  manual  control  task  to  a  reasonable  level* 
Since  no  information  exists  concerning  the  actual  work  load  of  a  pilot 
in  any  aircraft  resembling  the  one  under  study,  an  analysis  was  necessary 
to  establish  a  figure  of  merit. 


Introduction 

^  j"  '  ■  I  I  ■ 

The  modern  specification  of  a  control  system  is  characterized  by  an 
analysis  of  the  dynamic  characteristics  of  the  system.  This  analysis  is 
usually  performed  using  a  computer  simulation  of  the  ^stem  to  study 
responses  to  step  or  sine-wave  inputs.  In  the  case  of  cockpit  specification 
or  design  a  more  complicated  situation  occurs  due  mainly  to  the  variable 
nature  of  the  human  operator.  The  Phase  II  cockpit  stu(^  has  concerned 
itself  with  designing  a  pilot's  cockpit  by  an  analytic  procedure  idiich  has 
made  use  of  experimental  techniques  which  include  the  pilot ‘s  response 
characterisUcs  and  r  equirements.  The  experimental  evaluation  of  the  air¬ 
craft  control  characteristics  and  man  relationship  is  the  concern  of  this 
report.  The  assumptions  and  approximations  which  were  used  are  outlined, 
and  the  degree  of  confidence  expressed. 


Early  in  the  study  it  was  decided  that  quantitative  evaluation  criteria 
must  be  used  as  a  basis  for  recommendations  for  he  cockpit  displays.  The 
analysis  of  pilot  work  load  is  an  obvious  necessity  for  any  recommendatione 
since  some  suggested  improvements  may  be  irrelevant  or  trivial.  Improving 
an  instrument  by  10  percent  at  a  high  cost  may  not  be  warranted  if  it  is 
only  used  twice  during  cruise  conditions  where  ample  pilot  time  is  available. 

It  is  a  common  "cliche"  to  state  that  the  pilot  is  overloaded  and  that  he 
needs  improved  controls  and  displays  but  the  missing  link  has  been  a 
systematic  method  of  determining  specific  pilot  problems  and  the  value  of 
improvements.  The  concern  of  our  study  is  to  find  a  specific  answer  to 
the  following  questions: 

1.  Is  the  pilot  overloaded  and  if  so,  how  much? 

2.  What  is  the  principle  cause  of  the  overloading? 

3.  What  effect  will  the  overload  have  on  mission  success? 
i.e,,  how  much  loss  of  kill  probability  is  involved  because 
vertical  and  steering  errors  will  ofccur  due  to  overloading? 


MH  Aero  Report  R-ED  609U 


29 


li.  If  a  new  j^stem  or  improved  display  is  utilised,  how  Much 
'ri.H  it  help  the  pilot's  overall  perfonaanco? 

5*  Wiich  functions  should  be  automatic  and  which  martoal? 


part  of  the  data  necessaiy  to  specifically  improve  the  aircraft,  a 
dynamic  response  of  the  man-machine  interaction  was  determined.  If  the 
actual  aircraft  were  available  for  eye  movement  and  work  load  study i  the 
analysis  could  have  been  airborneo  Since  this  was  impossible  the  sthdr 
had  to  be  made  using  the  analog  computer  and  operational  pilot's  flyine 

poblemsc  Ebqjeriments  were  designed  to  detemine  tlie  extent 
^  problem  the  pilot  would  have  flying  in  the  damper  mode, 

hjr  kno^ng  the  extent  and  nature  of  the  pilot  work  load, it  is  possible  to 
spacify  the  maximum  benefits  which  can  be  effected  and  the  system 
improvement  sought. 


Method 

following  sjroto* 


Figure  6.  Lateral  Beam  Following  System  Block  Diagram 


system  from  the  point  of  view  of  dynamic  stability  it  can 
be  seen  that  each  element  of  the  closed  loop  system  must  be  considered  if 
a  proper  picture  is  to  be  obtainedo  Assume  the  aircraft  and  autopilot 

a  high-performance  stable  system  which  can  be  dLcribed 
in  ^erms  of  a  transfer  function.  The  geometry  can  be  approximated  at  a 
^ticular  flight  condd.tion  by  integrating  bank  angle  to^obtain  heading 

heading  to  obtain  displacement.  This  displacement  relative 
to  the  beam  furnishes  an  error  signal  to  the  conputer  which  develops  a 
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-  critically  damped  performance  can^  obt2nJr“°lhJ*'oofJ^er\ 

to  be  analog  in  this  case.  ^  ™  conrouter  is  aasiused 

'  3^  1*?:  a=^SL"  SiiirSJsi:  * 

on  the  actual  boani  error  during  <5aTnnTo  k,,+^  system  operates 

during  hold.  The  counter  s  ^lS^'rate  "^  r”""'-* 

effect  of  data  sampling  on  sysLm  perf^^“e  Zi  ,  deteraine  the 
Msed  to  determine  the  amount  of  H-!fr-i  +  -,T  1  technique  has  been 

for  satisfactory  system  operation.*  As  erJSoted  *iLth°a  rsQUirsd 

rate  no  difference  is  noted  ejected,  anth  a  high  sampling 

finite  time  SS?!l  compiterlJ^ution  solution  and  I 

msnts  are  sought,  the  high  sarnnljn.  rat  cor^ruter  requirs- 

be  ehovn,  howfve;,  that  a  *>'  undesirable.  It  oan 

partieular  sampling  rate  and  that  o™ple?f  tostebmty  “ 

lower  rate.  Chanpinp  the  ea-ln  of  +v,o^  f  will  occur  at  a 

required.  Figure  7  is  t  iken  from  sampling  rate 

of  a  study  of  ttL  t^e  "  ““  =“”-«^3s  the  results 

The  amount  of  time  he  ^uds  ‘o  =“"‘"1  his  flight. 

the  nature  of  the  problL  he  seeS^to  L™r  Thr^^  ‘*'P“'‘b"t  on 
studies  conducted  by  WAK  are  refLc?ioufo;^  t?  «ye  sovement  or  link 

Planes  (C-h5  and  T33)  and  S  ^aTo?  ial^^  tr^dftj'"  the 

used  in  the  experiments. reading  traditional  instruments 

determiSatioJ^uSS  thracceptL''eJ^e^iTOntaiS^eteS?'Th®^'"^^^”^ 

function,  the  transfer  function  of^ho  +  t  human  transfer 

servomechanism  techniques.  This  has  beertS^Tn^+h  sampling 

Department  of  Honeywell  and  fonL  fo  T  :  Research 

computation  involved  and  the  inahillt  ®^'^3te  because  of  the  tremendous 

An  experimental  c^SoVo?  tee  SSe1tXL°slbfe“ 

slCel^sJer  f^S^n  ShlrtoJ  T'"  =  bypotheSs^' 

therefore  concluded  that  an  experimcSal^Imri'^h^*”'’^"^  rates.  It  uas 
mine  the  mjnimum  amount  of  tnf^ri  f-  •  ®PP^°^'^^  was  necessary  to  deter- 

allow  satis?a“ri  Sr^i  "“bW 

technique  used  °°"*bol.  Figure  8  is  a  block  diagram  of  the  general 

*  i^f£SS£?ioirr" B;am^vSirig^s:Liel’iiiicV ' 
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Figure  8.  Miniravun  Information  Transfer  Diagram 


The  pilot  is  presented  information  at  a  controlled  rate.  He  then  ate  as 
the  computer  of  Figure  6  and  controls  the  system.  Hie  simulation  is 
varied  to  present  different  flight  conditions.  This  technique  is  similar 
to  changing  system  gains  of  the  previous  discussion.  The  flight  conditions 
were  chosen  to  represent  the  typical  operating  flight  regions  of  the 
aircraft  mission.  The  system  performance  was  scored  for  evaluation 
purposes. 

The  experimental  analysis  of  continuous  pilot  input  into  the  aircraft  was 
confined  to  the  lateral  and  vertical  axis  control  problems.  In  order  to 
conduct  a  meaningful  experiment  the  two  axes  were  studied  separately. 

It  is  assumed  that  the  pilot  would  not  be  able  to  handle  the  two  control 
axes  more  efficiently  together  than  separately,  as  far  as  informational 
requirements  and  stick  movements  are  concerned.  If  this  is  the  case,  one 
can  determine  each  axis  work  load  separately  and  sinply  add  the  two  values 
together  to  obtain  a  reasonable  minimum  total.  This  would  be  analogous 
to  finding  data  sampling  rates  for  the  pitch  and  lateral  axis  separately 
and  adding  these  to  determine  the  total  requirements.  It  is  thought 
that  this  is  a  reasonable  assumption  leading  to  a  minimum  work  load  since 
the  actual  configuration  in  flight  would  add  complications  such  as  coupling 
between  the  axes  and  more  complex  Instrument  interrelationships. 
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The  values  obtained  in  the  experimental  work  have  to  be  modified  to  refleet 
the  type  of  instrument  dials  and  number  of  information  sources  found  in 
the  cockpit.  The  process  for  this  will  be  discussed  later  in  this  section* 

The  values  idiich  are  experimentally  found  in  the  evaluations  described  in 
this  report  are  incorporated  %d.th  other  data  concerning  the  cockpit. 
this  means  a  quantitative  look  at  the  cockpit  problem  is  obtained  idiich 
is  directly  related  to  the  control  problem  of  the  aircraft. 

^  assuming  a  minimum  pilot  control  input  an  estimate  is  also  made  of 
pilot  work  load  while  using  the  autopilot. 


Interpretation  of  Experimental  Data  in  Tenns  of  the  Aircraft  Cockpit 

The  experimental  value  of  minimum  viewing  percentage  is  expressed  by  a  ' 

ratio  of  "on"  or  viewi^  to  "off"  or  no  display  time.  Each  flight 
condition  is  characterized  by  a  fixed  requirement  of  w-i  n^nnim  "on"  to  i' 

off"  time  for  best  control.  This  data  must  be  then  interpreted  in  terms  ’ 

of  the  aircraft's  instruments.  If  the  displays  used  in  the  experiments 
corresponded  to  the  actual  instruments,  the  data  would  be  directly  applicable. 

Since  the  exp'erimental  displays  were  somevdiat  different  from  the  actual, 
a  correction  factor  must  be  introduced  into  the  work  load  analysis. 

The  experimental  value  was  found  by  having  an  "on"  time  of  0.2$  second 
and  a  variable  off  time.  The  "on"  time  was  chosen  by  considering  the  | 

available  data  regarding  visual  perception  and  also  by  experimental  ^  ; 

feasibility.  The  experiment  then  established  a  particular  off- time  at  i', 

idiich  point  pilot  performance  was  found  to  deteriorate.  v 

fi  ,, 

The  "off"  or  no  display  time  which  we  determined  experimentally  represents 
the  amo\mt  of  time  a  pilot  can  leave  the  axis  of  control  information  - 

i^thout  losing  some  degree  of  control.  Since  the  off -time  could  be  decreased  ■ 

before  a  change  in  pilot  performance  was  noted,  it  can  be  assumed  that  the  \ 

^stem-man  combination  was  such  that  effective  pilot  inputs  were  limited,  \ 

Continuously  observing  vertical  axis  information  provided  more  information  I-" 

than  could  be  used.  By  lengthening  the  "off"  time  until  pilot  performance  I'  - 

was  degraded,  the  point  of  minimum  percentage  of  viewing  time  for  maximum  t 

control  was  established. 


For  maximum  pilot  contribution  to  the  pitch  axis  the  "off"  time  could  nob 
increas^  since  it  was  a  function  of  the  man-machine  dynamics,  not  the 
^splay.  The  "on"  time  represents  the  amount  of  time  necessary  to  gain 
information  from  the  displays.  If  a  single  hypothetical  instrument 
existed  wMch  could  yield  the  proper  information  it  might  have  a  character¬ 
istic  reading  or  interpretation  time  different  from  the  0.2^-second 
exposure  time  used  in  the  experiment.  The  minimum  viewing  percentage  fcr 
maximum  control  would  vary  directly  with  this  difference. 
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The  ppobl^  is  then  to  determine  the  inteipretaUon  time  of  the  hypothetical 

instruments  the  pilot  continually  scans 
his  instruments.  Information  concerning  the  control  of  a  narameter  such 
as  ^ed  is  intermittently  received  according  to  the  requirements  of  that 

instrument  scan  pattems 

have  been  experimentally  deternd.ned  by  Jones,  Milton  and  Fitts.*  MorLes 
of  eye  movements  v;ere  taken  of  pilots  flying  normal  maneuvers  in  actual 
aircraft  It  found  that  each  cocfeit  instrument  had  a  ^caf  Sowing 
time  and  frequency  of  observation.  The  number  of  transitions  or  chlngS  ® 

inst^ment  was  established.  Hie  transition  time  of 
amount  of  time  a  typical  transition  required  was  also  calculated.  Each 

mneuver  had  a  unique  pilot  instrument  reading  technique  which  ia  reflected 
in  a  changed  scanning  procedure.  reiiectsd 


The  Phase  I  cockpit  of  the  aircraft  contains  a  display  system  verv 

conventional  instrument  system  used  in  the  WADC  eye 
movement  studies.  It  is  therefore  reasonable  to  assume  that  the  r^tivo 

thP  the  instruments  will  be  comparable.  In  a  climbing  turn 

the  ic/AhC  eye  movement  studies  showed  the  following  data:  ^ 


Instrument 


Number  of  Percentage  of 

f^a tions /Min  Time  on  Instrument 


Air  Speed 
Directional  Gyro 
Qyro  Horizon 
Engine  Instruments 
Altimeter 
Vertical  Speed 
Turn  and  Bank 


17 

16 

26 

23 

25 

28 

5 

9 

10 

7 

10 

8 

6 

5 

Three  of  these  instruments  are  concerned  primarily  with  the  vertical  aziBi 

horizon.  It  is  assumed  that  in  * 

_normal  pilot  scan  of  the  aircraft's  instruments,  the  three  instruments 
will  provi^  information  in  about  the  same  ratio  as  in  the  eye  movement 
studies,  ae  average  fixation  time  on  each  instrument  will  be  dependent 
upon  the  nature  of  the  information  to  be  obtained  and  the  type  o/di^lay 

predicted  from  experimental  evidence  and  ^ 
from  the  use  of  information  theory.  With  information  theory  it  is  pSesible 
to  determine  the  number  of  bits  of  information  contained  in  the  readinf  “ 


*  Fixations  of  A/C  Pilots,  IV,  Freauency, 
Fixations  during  Routine  Instrument  Flight. 
Milton  and  Fitts,  March  1950. 


Duration  and  Sequence  of 
ASTIA  No.  73422  Jones, 
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A  realistic  "on"  time  can  be  determined  ty  confuting  the  leean  fixati<»t 
time  if  the  reading  time  of  each  of  our  aircraft’s  instruments  will  be 
wei^ted  by  the  WADC  eye  movement  use  frequency*  For  three  inatruanhte 
this  "on"  time  would  be  determined  by: 


”1  ^1  "2  ^‘2  ”3  ^3 


n 


where  t^^j  -  mean  reading  time  for  all  vertical  instruments 

“l»n2»n3  *  number  of  uses  per  minute  as  determined  by  WADC  eye 

movement  studies  (for  each  instrument) 


reading  times  of  aircraft  instruments  as  determ^lned 
by  information  analysis 


n  -  n]^  +  n2  +  nj 


This  mean  reading  time  is  then  used  to  recompute  the  actual  percent  viewing 
time  necessary  for  maximum  control.  Since  transitions  between  instruments 
are  not  considered  in  this  analysis  a  figure  must  be  added  to  the  axis  for 
this  purpose  for  the  multiple  instruments. 

The  res\xlt  of  the  new  percentage  time  is  a  hypothetical  instrument  which 
is  a  composite  of  the  instruments  in  the  aircraft.  It  is  to  be  noted  that 
the  Ion  computation  is  a  corrective  measure.  The  use  of  the  WADC  data  only 
provides  a  small  corrective  factor  which  will  not  affect  the  results 
greatly  even  if  a  fairly  large  difference  is  present. 

A  comparison  of  the  aircraft  instruments  in  the  lateral  axis  and  those  used 
in  the  experimental  determination  are  information-wise  the  same.  The  two 
principle  instruments  of  lateral  information,  the  Fli^t  Director-Attitude 
Indicator  and  integrated  heading  display  are  located  adjacent  to  one 
another  vertically  and  display  information  of  the  sane  order  of  difficulty 
as  the  experimental  situation.  Command  heading  changes  will  be  analyzed 
separately  since  the  experiment  dealt  with  holding  heading  while  using 
bank  angle  information. 


Vertical  Axis  Analysis 

Hie  purpose  of  the  experiment  is  to  provide  a  means  of  determining  the 
relative  amount  of  time  a 'pilot  must  spend  to  exercise  maximum  control  of 
/  the  vertical  axis.  The  basis  for  this  determination  will  be  a  figure  of 
merit  ^diich  we  call  "percent  viewing  time"  and  is  defined  empirically  in 
the  experiment.  Figure  9  is  a  block  diagram  of  the  experimental  situation* 
The  six^raft's  vertical  axis  with  damper  engaged  is  simulated  by  the  anAlog 
computer  as  in  Figure  10.  Aircraft  flight  path  angle  is  suimned  with  a 


^  v...,  ' 


-  36  * 
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Figure  9.  Vertical  Axis  Analysis  Experimental  Block  Diagram 
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conn^  signal  to  ^velop  an  error  signal  which  is  fed  to  an  oscilloscope 

lateral  problem  was  present  in  this  expeilnint. 
The  dot  co^d  be  made  to  instantaneously  disappear  by  aeans  of  apolyinc 
a  voltage  to  the  x-axLs  of  the  scope.  This  x-axis  voltage  was  precisely 
^cled  on  and  off  by  an  electronic  «G.  G.  Wilson-  timer  Sich  wL  adjStable 
in  teth  on  and  off  time.  To  the  pilot,  the  error  dot  appeared  when-no 
voltage  was  applied  to  the  x-axis  and  disappeared  on  its  application.  The 
percent  experimental  viewing  time"  is  then  defined  by  Measuring  the 
on-off  cycling  of  the  G.  G.  Wilson  timer. 


%  exp  viewing  time 


time  dot  present 
time  dot  off  scope 


The  pilot  was  instructed  to  "null"  the  error  dot  at  all  times.  The 
agree  to  wiich  he  was  able  to  perform  this  was  scored  on  the  Computer  by 


Scorff  “=  K  J  le^l  d  t 

where  ej  -  '0'^  - 

K  »  constant 


actual  flight  path  angle  -  0  -  o* 

(0  =  pitch  attitude) 

(o<  =  angle  of  attack) 
fligiit  path  command 


angle  was  chosen  as  the  control  parameter  since  it  is  the 
best  description  of  vertical  axis  behavior.  Modem  fire  control  and 
^topilot  systems  are  examples  of  control  jystems  built  around  this  para- 
Even  level  flight  is  essentially  a  flight  path  problem  since 

checked  with  rate  of  climb  to  establish  the  fUeht 

conai'tioiie 

The  pilot  was  environmentally  isolated  bT  means  of  tin  Honeywell  aircraft 
elmulator  cockpit  idiere  he  introduced  his  comnands  into  the  airfraam  by 
means  of  a  control  stick.  (See  Figure  11.)  ^ 
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The  siimilation  of  flif^t  as  shovm  in  i’igure  10  was  used  ■to  simlate  'three 
flight  conditions J 

Mach  X,  sea  le'vel 
Mach  T,  Yi  feet 
Mach  Z,  Zx  feet 

This  simulation  was  obtained  from  the  auto'oilot  analysis  group  which 
designed  -the  aircraft's  dampers.  Since  ■their  work  has  been  recently 
sttbetantiated  by  flight  test,  it  is  felt  that  it  will  represent  the  system. 

IXte  to  a  tendency  to  initially  overcontrol  in  some  flight  condition,  a 
"g**  neter  was  included  in  the  cockpit  for  orientation  purposes*  The  "g” 
limiter  of  the  damoer  nrevents  damage  to  the  airframe,  but  computer  over¬ 
loading  occurred  v.-hen  the  pilot  persisted  in  trying  to  pull  too  many  "g's". 


Experimental  Procedure : 

A  number  of  preliminary  experiments  were  necessary  to  establish  a  meaning¬ 
ful  experiment.  iVi-bh  step  inputs,  it  was  found  that  the  pilot  could  adapt 
his  transfer  function  with  practice  so  that  an  analysis  was  not  possible. 

With  practice  the  pilot  would  sometimes  enter  the  loop  ■with  accurate 
memory  and  an  integrating  capability,  both  of  which  proved  extremely  variable 
A  technique  was  developed  which  was  based  upon  a  maximum  contrributlon  by 
the  pilot  to  the  control  problem.  It  is  assumed  that  the  pilot  will  be 
required  to  precisely  fly  to  the  best  of  his  ability.  In  order  to  do  this, 
a  forcing  function  was  chosen  experimentally  to  be  a  moderately  difficult 
■task  ■when  ■the  pilot  had  a  continuous  view  of  the  problem.  The  nature  of 
■the  problem  ■was  hatursrl  to  th^  experimental  pilots  wh<3‘'seemed’to  consider 
the  aircraft  undergoing  gusty  weather  conditions.  The  forcing  function 
signal  origina'ted  from  two  sources;  a  random  low  frequency  signal  scurce 
and  a  low  frequency  oscillator.  The  pilot  was  never  informed  of  ■the  nature 
of  the  signals  which  were  interchanged  to  prevent  learaing  the  problem. 

Scores  were  kept  of  beha'vLor  on  bo'th  ■the  random  and  sinusoidal  signals 
although  only  the  results  of  the  nine-.-.ave  input  is  reported  in  this 
report,  %  hidinf-  the  sine  signal  amidst  tlie  random  signals  it  was  possible 
to  use  a  more  precise  relationship  v.hich  could  yield  consistent  results. 

Six  experienced  pilots  were  used  in  the  experiment.  Each  received 
instiruction  concerning  the  job  and  then  was  given  a  controlled  practice 
session.  Typical  step  inputs  -vdiich  were  included  in  the  practice  period 
are  shown  in  Figxire  12, 

Although  the  damper  configuration  is  compensated  for  airspeed  changes,  the 
aircraft  is  more  difficult  to  control  at  the  lower  speed  conditions.  The 
general  response  characteristics  of  the  man  machine  furnished  a  clue  to  , i 
the  type  of  forcing  function  we  could  expect  the  pilot  to  control.  Practicej/ 
was  also  given  on  the  on-off  cycle  control.  j,  H 
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official  experiiuant.  began  with  the  pilot  controlling  the  system  with 
a  continuously  "on"  display,  or  a  100  percent  viewing  time.  Three  evalu¬ 
ation  periods  were  obtained  for  each  viewing  percentage.  The  on-off 
cycling  then  began.  An  "on»  time  of  0.25  second  was  determined  experi¬ 
mentally  to  be  an  adequate  stimuli  which  was  long  enou^  to  observe  the 
direction,  displacement  and  obtain  some  rate  information  about  the  error. 

This  time  was  s^ficient  for  the  pilot  to  react  to  its  presence  and  determine 
a  cdrrective  action.  The  off-time  was  then  varied  so  that  various  percentages 
of  viewing  time  could  be  obtained.  Ihe  percentages  chosen  were  obtained 
from  preliminary-  experiments  which  had  indicated  that  a  sharp  break  occurred 
in  performance  at  a  particular  value. 


Experimental  Results: 

Although  differences  exist  between  pilots,  the  general  conclusion  that 
pilots  require  a  oarticular  amount  or  rate  of  information  input  to  best 
control  the  system  was  substantiated.  It  is  interesting  to  note  that 
severel  pilots  did  not  do  their  best  job  of  tracking  under  continuous 
conditions.  It  is  felt  that  the  general  nature  of  the  problem  required 
a  maxiimim  output  to  obtain  contrel  and  that  the  results  are  remarkably 
consistent  considering  the  complexity  of  the  measurement.  Figure  13  is 
a  sairole  of  the  information  obtained  from  an  exoerimental  situation. 

data  from  the  vertical  axis  was  compiled  and  is  summarized  in  Table  2. 
Figures  lii,  15,  and  16  are  a  plot  of  the  overall  mean  for  each  flight 
condition  and  how  each  varies  from  the  mean.  Figure  1?  summarizes  the 
wtal  experiment  and  is  the  basis  for  computing  the  actual  pilot  work  load. 
In  general,  as  "q"  increases  the  oilot  work  load  decreases  and  the  amount 
of  performance  loss  for  a  given  decrease  in  percent  viewing  time  is  less. 


Lateral  Axis  Experimental  Analysis 
Experimental  Procedure : 

The  proced^e  used  in  the  vertical  axis  did  not  prove  applicable  to  the 
lateral  axis  since  the  mission  involves  maintaining  heading  for  th^  most 
part.  To  ask  the  pilot  to  follow  a  changing  heading  or  constantly  changing 
roll  command  lacked  realism  in  principle  or  when  experimentally  investigated. 
Experience  with  high  performance  aircraft  has  indicated  that  maintaining 
heading  is  relatively  easy  at  high  speeds  and  altitudes.  A  realistic 
situation  was  obtained  when  the  pilot  was  instructed  to  hold  a  heading 
■^ile  being  subjected  to  typical  wind  conditions.  The  wind  conditions  were 
determined  by  experimentally  setting  up  a  sea  level  condition  which  seemed 
typical  to  several  pilots  and  extrapolating  from  this  to  hi^er  s|>eed3 
and  altitudes  from  known  wind  inf crmation.*  Traces  from  flights  in  the 


*  "Methods  and  Results  of  Upper  Atmosphere  Research,"  Geophysical  Research 
Paper  No.  U3.  ASTIA  1019Ui  J.  Kaplan,  G,  Schilling,  H.  Kallman, 
November  1955 
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Table  2.  Vertical  Axis  Scores  (Mean  Errors  by  Subjects) 


Percent  Viewing 

No.  1 

No.  2 

No.  3 

No.  4 

No.  5 

No.  6 

Mean 

■ 

(Mach 

ft) 

100 

H 

15 

13 

12 

22 

25 

16 

45 

H 

19 

17 

14 

19 

25 

18 

33 

■9 

18 

13 

15 

21 

24 

17 

25 

17 

16 

.18 

17 

29 

27 

21 

20 

18 

22 

19 

20 

50 

37 

26 

15 

20 

28 

22 

21 

- 

37 

29 

22 

30 

27 

32 

- 

37 

33 

5 

42 

40 

38 

34 

- 

47 

42 

(Mach 

ft) 

100 

19 

19 

10 

12 

27 

26 

19 

45 

16 

18 

12 

1 1 

26 

26 

18 

33 

19 

20 

19 

11 

27 

32 

21 

25 

22 

21 

20 

13 

36 

42 

26 

20 

21 

33 

21 

20 

45 

44  . 

31 

15 

21 

29 

25 

28 

45 

44 

32 

10 

23 

35 

29 

26 

45 

45 

34 

5 

23 

36 

41 

36 

45 

45 

39 

(Mach  Sea  Level) 

100 

10 

16 

19 

22 

17 

45 

13 

13 

22 

26 

' 

18 

33 

12 

15 

22 

35 

' 

21 

25 

15 

23 

22 

48 

27 

20 

19 

18 

21 

48 

27 

15 

19 

35 

34 

48 

34 

23 

39 

41 

48 

38 

5 

32 

49 

63 

48 

48 

1*9 


aiMulator  corresponded  to  the  Goodyear  simulator  data  which  was  aimed  at 
deteraining  tyoical  wind  conditions.  The  best  indication  of  the  realism 
of  the  problem  is  by  comparing  pilot  stick  movements  in  the  simulator  and 
t^  recording  of  stick  movements  during  initial  flight  tests  of  the  aircraft, 
iSee  Figure  18,}  Since  the  control  of  heading  and  roll  are  so  inter¬ 
dependent  with  the  pilot  controlling  roll  to  maintain  heading,  both  indica¬ 
tions  were  used  in  the  experiment.  Heading  error  was  presented  on  the 
x-ans  of  the  scope.  Each  experiment  began  on  the  desired  heading  and 
proceeded  with  the  nilot  maintaining  thi s  heading  in  the  face  of  the  gusty 
conoltions.  Bank  angle  was  presented  on  a  meter  movement  directly  below 
the  heading  error  indicator.  Since  an  additional  indicator  was  to  be  read, 
a  new  on  time  had  to  be  established  by  experiment.  Several  pilots  found 
0c5  second  as  a  satisfactory  exposure  time  to  handle  both  instruments. 

It  was  not  possible  to  use  the  previous  technique  in  controlling  the 
display  ''on-off”  cycle  because  of  the  meter  movement,  A  post-type  liph* 

illuminate  the  bank  scale,  Ihe  "on"  cycle  then  turned  on  both 
the  light  and  tne  heading  error  dot  on  the  scope, 

A  procedure  similar  to  that  used  in  the  vertical  axis  was  then  followed, 

^ch  pilot  was  given  practice  in  handling  the  system  as  shown  in  Figure  19. 

ch  flight  conc^tion  was  then  investigated  with  cfecreasing  expeidraental 
viewing  percentages.  Since  a  realistic  problem  input  was  used,  it  is 
possible  to  score  pilot  performance  in  terms  of  mean  heading  error. 


total  time 


Spj  =  heading  error 

=  mean  heading  error 


Experimental  Results; 

Table  3  is  a  summary  of  the  data  obtained  experimentally  from  seven 

values  for  the  three  conditions  is  plotted 
in  Figures  20,  21  and  22,  The  data  in  this  case  proved  to  be  very 
consistent  for  each  pilot  and  unirorm  among  pilotso 

A  typical  trial  is  shown  in  the  computer  traces  of  figure  23, 
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Figure  18,  Comparison  of  Flight  Test  and  Evaluation 


flight  test.  Aileron  deflection.  185  knots,  1^,000  ft.,  damper 


2.  Experimental  stick  roll 


■ell 


Table  3.  Lateral  Axis  Scores  (Mean  Heading  Error  by  Pilot) 

I 


Percent  Viewing 

No.  1 

No.  2 

No.  3 

No.  4 

_ 

No.  5 

No.  6 

No.  7 

Mean 

(Mach 

ft) 

Cont. 

(y.03 

0 . 06 

0.02 

0.05 

0.08 

0.03 

0.05 

50 

0.07 

0.08 

0.09 

0.05 

0.08 

0.14 

0.04 

0.08 

40 

0.09 

0.11 

0.15 

0.05 

0.10 

0.16 

0.05 

0.09 

30 

0.07 

0.17 

0.14 

0.06 

0.25 

0.16 

0.05 

0.13 

20 

0.13 

0.20 

0.12 

0.07 

0.35 

0.35 

0.07 

0.18 

15 

0.17 

0.19 

0.14 

0.07 

0.39 

0.51 

0.13 

0.23 

10 

0.28 

0.  22 

0.13 

0.55 

0.62 

0.22 

0.33 

5 

0 

■ 

1.40 

0.35 

0.55 

0.62 

0.35 

0.60 

(Mach 

ft) 

■■■ 

Cont. 

0.12 

0.15 

0.11 

0.08 

0.10 

0.18 

0.07 

50 

0.14 

0.23 

0.16 

0.14 

0.23 

0.25 

0.10 

40 

0.17 

0.20 

0.13 
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Figure  20.  Lateral  Axis  Mean  Heading  Error  versus  Percent  Pilot  Viewirg  Time  - 

Mach  Sea  Level 


Figure  22.  Lateral  A:ds  ly.ean  rieadinj  _Srror  versus  Percent  Pilot  Viewing  Time 

Mach  Feet 
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RESULTS  OF  WORKLOAD  ANALYSIS 

Method 


The  i^o^tion  obteined  from  Sections  B  through  F  can  be  used  to  determine 
tne  pilot  work  load  in  terms  of  his  maximum  capability.  Every  effort  was 
made  to  make  a  comolete  accounting  of  all  the  equipment  and  mission 
requirements.  A  study  was  made  of  all  cockroit  switches  and  their  probable 
tin*  of  use.  Broadcast  control,  using  dampers  only,  was  chosen  for  analysis 
since  it  requirea  the  hughest  nj.lot  contribution  and  also  represented  a 
t^ica_  operational  proceaure.  The  mission  chosen  is  a  maximum  effort 
attack  with  a  minjmum  time  from  scramble  to  takeoff.  An  Identificat j on 
pass  was  included. 

The  initial  analysis  made  no  attempt  to  distribute  work  load  from 

moments  to  free  ones.  Those  aspects  of  the  pilot's  operation 
^Ich  could  be  shifted  to  other  less  crowded  moments  were  then  transferred, 

^  skilled,  well-trained  operator  handling  the  mission  and 
aircraft.  The  requirements  of  the  mission  are  met  by  this  analysis  in  an 
effective  manner.  The  nilot  is  in  lirm  command  of  the  mission  and  is 

m^ntaining  precise  control  of  nic  airframe  to  the  commands  of  OCI  and 
his  equipment. 

raised  as  to  the  accuracy  of  our  final  result.  Every 
efiort  has  been  made  to  mal-e  the  analysis  conservative.  It  is  felt  that 
the  analysis  is  renresentative  of  a  highly  trained,  competent  pilot 
operating  at  his  highest  level  with  equipment  which  is  functioning 

C02>I*6CT'Ay  f 

of  Sections  B  throufh  F  indicated  that  the  following  aspects 
ol  the  high  performance  attack  mission  vjere  the  most  crowded  for  the  pilot. 

0-6  minutes  -  scramble  to  attaining  Mach  Z,  Zj  feet 

9-17  minutes  -  search  to  break  away  from  attack 

The  other  time  periods  appeared  to  be  well  within  the  capability  of  the 
pilot  as  can  be  judged  from  relative  work  load  and  present  operational 
requirements.  The  analysis  was  then  broken  into  three  sections: 

Vertical  axis 

Lateral  axis 

Subsystems  and  miscellaneous 
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Vertical  Axis  -  Minimui. 


Vertical  Axis 


Figure  2k  is  a  plot  of  pilot  work  load  associated  the  vertical  axis. 
Voice  conBn\mications  are  conducted  during  the  first  minute  to  establish 
the  GCI  mission  inputs  to  the  aircraft.  Better  information  is  received 
ai*ter  the  aircraft  is  airborne  during  the  fourth  minute.  The  aiTCraft 
transmits  information  concerning  the  bogey  at  eleven  miriutes  and  during 
the  I6th  minute.  Information  theory  was  used  to  confute  the  work  load 
associated  with  this  communication.  This  process  was  described  in  Section  1. 


The  perceptual  transition  percentage  was  computed  on  the  basis  of  the  number 
of  instruments  in  the  Phase  I  cockpit  and  the  probable  type  of  scanning 
as  determined  ty  the  WADC  eye  fixation  studies.  The  percentages  change 
slightly  with  each  general  type  of  maneuver.  It  was  assumed  that  pilot 
would  not  scan  instruments  during  lock-on.  (Min.  12  and  16). 


Continuous  vertical  work  load  dependent  upon  stick  control  was  predicted 
by  using  the  percentages  of  minimum  viewing  time  as  found  in  Section  F. 
The  following  is  an  example  of  the  calculation. 

(1)  Time;  5  minutes,  20  seconds.  Aircraft  at  Mach  Z,  feet. 

(2)  Experimental  value  Mach  Z,  feet  “  2?  percent. 

(3)  Calculation  of  Aircraft  percentage  j  (See  Section  F, ) 

(12)  (0.1^7)  ^  (6)  (0.32)  +  (lU)  (0.26) 

12  +  6  +  Ui 

“  0.35  second 
■  0.675  second 
0.35 

“  - - -  “  3U  percent 

0.35  +  0.675 


'on 


'on 


^off 
%  time 


This  value  is  then  the  primary  value  for  control.  Transistions  requiring 
added  instrument  readings  (ex  "g”  indication)  and  leveling  out  at  precise 
a^itu^  are^added  to  this  primary  value,  i.e.  (2”*,  30^,  5®,  20®,  10®, 
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ItTal  Axis 


Jlfure  25  is  a  plot  of  pilot  work  load  associated  with  the  lateral  axLa. 
A  p^ess  s^lar  to  that  used  in  the  vertical  axie  similation  was  used* 
to  inf oi^tional  analysis  of  the  basic  problem  indicated  that  the  lateral 
axis  instrumentation  used  in  the  experiment  corresponded  to  that  found 
to  the  aircraft  cockpit.  The  experimental  percentage  values  were  there- 
fore  directly  applied  to  the  work  load  analysis. 

A  number  of  critical  points  in  lateral  control  occur  in  the  mission.  The 
fit  **  points  (9«  and  li4»  15")  must  be  accurately  executed 

for  ^Bsion  success.  Setting  up  the  IDC  at  1"  50*  also  adds  work  at 
orucial  time. 


^  maintaining  heading  to  within  a  degree  will 

^^^atively  Joh,  The  work  load  magnitude  in  performing  tuznlng 
■into vers  was  established  theoretically.  A  more  sophisticated  eomputw 
oennguration  would  be  necessary  to  determine  this  experimentally. 


Hlscellaneous  Subaystft»g 


Wgure  26  is  a  plot  of  all  pilot  work  load  for  such  factors  as  armamsnt. 
coiTOuntoation,  lighting  and  speed  control.  Ths  values  for  this  catssory 

informational  analysis  of  Section  E,  Englnt 
analysis.  The  placement  of^ks 
i  changed  from  that  originally  developed  in  the 

^  distribute  the  work  load  into  more 

desirable  proportions. 


Total  Work  Load 

a  plot  of  ^e  total  pilot  work  load.  Theoretically,  100  psr- 
h«im  h4  “axl^  load  a  pilot  is  capable  of,  however,  each  pilot  will 

^  some^Aere  near  the  theoretical  value. 
Sn  ^  individual  variaUon  is  not  known  although  estimates 

can  be  made  on  the  basis  of  various  experiments. 

A  second  aspect  of  the  work  load  is  the  amount  of  time  a  man  can  ouarate 

a  man  can  work  at  full  capacity  for  only  a 

the  «naMl!M?i  °r  Extended  high  work  loads  will  result  in  lowering 

the  capability  of  the  operator  and  thus  decreasing  system  performance. 

ThiJ  nn^t  «?nld^sppear  that  the  initial  3.5  minutes  are  overloaded, 

ais  covers  the  period  from  scramble  to  the  climb  to  Mach  Y.  Yi  feet 

^  ^®®®  accurate  than  is  possible  with  system. 

broadcast  of  information.  All  parts  of 
^^“®  “’®  loaded.  All  means  have  baan 

100  pSceJt  livef  ^ 
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rc  25.  A.x  -  Mnninuni  N<'c  pss  nry  Percent  Time  Pi.Jol  Occupied  with  LateraJ  Axis  Problems 

for  Optimum  Contro) 


Pilot  is  Occupied  with  Miscellaneous  Subsystems 


^  ] 

ir.-ijiil' 

r-^'S- 

^  -•i-^ 

i-»*^ 

Ti*«;  IN 


It  is  concluded  that  the  weapon  system  can  be  flown  manually  with  difficulty, 
and  that  further  instrument  improvement  is  necessary  to  obtain  the  most 
from  the  equipment.  The  high  vertical  axis  work  load  (60  to  80  percent 
during  -the  overloaded  period)  appears  to  be  the  most  promiaing  area  of 
system  in^rovement.  Estimates  were  made  of  possible  system  lnpi*ovein8nts 
with  new  instrumentation.  Hie  reconwendation  report  which  follows  as 
Part  II  of  this  document  will  discuss  these  results* 


»• 
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.  OTHER  INTEGRATED  INSTRUMENT  SYSTEMS 

Three  advanced  instrument  systems  were  studied  in  relation  to  the  weapon 
system; 

Navy  Contact  Analog  (ONR) 

WADC  Integrated  Cockpit  Display 
Hughes  Integrated  Instrument  System 

The  systems  were  studied  by  both  Honeywell  and  by  Dunlap  and  Associates 
on  a  subcontract  basis.  The  Dunlap  report  is  found  in  Appendix  D  of 
this  report. 


Contact  Analoe 


The  Navy  Contact  Analog  system  is  not  feasible  for  the  aircraft  for 
several  reasons, ^  The  best  infoimation  would  indicate  that  hardware 

available  for  installation  for  several  years.  In  addition 
to  this,  the  concept  has  not  been  shown  to  be  superior  for  interceptor 
missions  by  any  quantitative  means.  As  attractive  as  the  general  idea 
IS,  the  practical  application  to  a  combat  aircraft  would  require  an 
extensive  progr^  of  considerable  cost.  The  system  also  appears  at  the 
moment  to  be  quite  complex  and  of  questionable  reliability. 


The  four  major  instruments  of  this  system  are; 

1.  Flight  director-attitude  indicator 

2.  Altitude- vertical  speed  indicator 

3.  Airspeed,  Mach,  safe  speed  indicator 

il.  Horizontal  situation  indicator 

Two  of  the  instruments  are  already  a  part  of  the  Phase  I  system.  Bie 
proposed  IDI  and  flight  director-attitude  indicators  are  very  similar 
to  the  WADC  system  suggestions.  The  speed  and  vertical  situation 
indicators  are  the  exceptions,  Honeywell  experiments  have  been  mn  with 
these  indicators  and  they  have  not  been  found  equal  in  reading  qualities 
to  other  instalments.  Further,  the  tapes  have  always  been  found  difficult 
to  read  when  moving  and  are  not  recommended  by  WADC  TR  5U-160.  Mengelkock 
and  Houston  of  the  University  of  Illinois  have  shown  no  advantage  for  the 
tapes  in  a  series  of  experiments  performed  for  WADC.*  The  instruments 
are  designed  contrary  to  WADC  TR  ^ii-lbO  in  several  respects. 

1.  The  operator  will  not  be  able  to  see  where  the  limiting  Mach 
and  stall  limits  are  on  the  small  airspeed  and  Mach  scales. 


*  Moving  Tapes  -  Vertical  Displays  of  Altitude  Information,  Mengelkock 
and  Houston,  WADC  Reports  57-38Ii,  $7-^k9  and  ^7-38$ 
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2,  The  pilot  Must  use  coapeneetoxy  rather  thada  poreoit  treakiag  of 
crannand  Indices. 

3»  Scale  seneitivlty. 

Since  there  are  seToral  objections  to  the  instrunenta  fro*  a  reading  point 
of  Tie*,  the  instruments  are  of  questionable  value.  The  oiriginal  anaiysla 
of  speed  indication  also  showed  the  value  of  a  pressure-driven  indicated 
airspeed  meter  which  is  not  possible  with  the  WADC  instrument. 

In  conclusion,  it  is  felt  that  the  desirable  features  of  the  WADC  system 
are  alreac^  incorporated  in  the  Phase  I  ay  stem  and  that  little  would  be 
gained  from  incorporating  the  speed  and  altitude  instniments. 


Hughes  System 

This  aysteni  was  found  to  be  the  most  likely  design  of  the  three  systems 
for  an  interceptor.  The  Phase  I  program  incorporated  several  features 
of  the  Hughes  concept.  The  principle  of  the  moving  part  was  carried  out 
in  the  original  Phase  I  recommendation.  The  Honeywell  moving  aircraft 
attitude  indicator  was  an  improved  version  of  the  Hughes  flight  dlrectmr- 
attitude  indicator. 

Studies  were  conducted  which  showed  the  superiority  of  both  the  display 
and  hardware  configuration  of  the  Phase  I  speed  indication  over  the 
Hughes  indicator. 

The  Hughes  vertical  situation  indicator  provides  a  good  tactical  planaiBg 
scale.  The  display  stiffers,  however,  from  having  four  pointers  super¬ 
imposed  upon  one  another  and  thus  making  reading  or  identification 
difflCTilt  in  many  cases. 

It  wag  concluded  that  all  three  instrument  systems  were  inappropriate 
for  the  aircraft  although  each  had  several  points  of  merit.  See 
Appendix  D  for  a  more  complete  con^>arison. 


Aero  Report  R-ED  609U 


67 


Iw  SUPRBT  STTOIES  AND  EVALUATION 

In  ndctltion  to  the  major  analysis  conducted  ly  Honeywell,  a  number  of 
the  areas  hare  been  studied  in  more  detail.  Most  of  the  studies  have 
inrolred  experimentation  with  human  subjects  after  a  program  of  study. 


Vertical  Situation 


Four  vertical  situation  indication  ^sterns  were  evaluated  for  display 
(diaracteristica.  The  four  displays  are  shown  in  Figure  28, 


WADC  “A" 
Hughes  "B" 
Honeywell  Elxperimental  "C" 
Conventional  (phase  I) 


The  Honeywell  experimental  display  system  was  designed  to  test  for  the 
possibility  of  display  iirprovement  in  several  areas.  A  new  type  of  rate 
of  climb  indicator  is  used  vdiich  presents  quantitative  and  qualitative 
information.  An  arrow  whose  size  and  direction  is  supplemented  by  a 
counter  for  precise  reading  requirements  is  used.  A  counter  is  used 
for  altitude  information  since  it  has  been  found  superior  in  many  expezd.-> 
mental  studies.  A  planning  scale  is  provided.  In  order  to  check  the 
feasibility  of  compressing  the  instrument,  it  was  decided  to  shorten 
this  scale,  although  this  was  shown  to  be  inadvisable. 

Seven  college  students  and  two  experienced  pilots  were  used  as  experi¬ 
mental  subjects.  The  subject  was  seated  in  front  of  a  simulated  aircraft 
instiniment  panel  that  contained  a  lucite  screen,  A  push  button  was  given 
to  the  subject  to  project  a  slide  onto  the  screen.  The  subject  was  told 
to  take  only  as  long  a  time  as  he  felt  necessary  to  get  an  accurate 
reading.  Speed  and  accviracy  was  stressed  throughout  the  experiment. 

Tile  experimenter  recorded  both  the  viewing  time  and  the  subject's  responsa* 
(See  Table  U. ) 

The  general  instructions  were  read  to  each  subject  and  a  familiarization 
period  and  15  practice  slides  preceded  each  instrument  presentation. 

There  were  23  slides  per  instrument  display.  Each  display  was  run 
through  four  times.  The  first  time  through  on  display  No.  1,  the  subject 
read  only  altitude.  The  second  time,  rate  of  climb  or  vertical  speed. 

The  third  time,  command  altitude,  and  the  fourth  time  involved  a  problem¬ 
solving  task.  This  procedure  was  repeated  for  each  of  the  other  three 
displays . 


/ 
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TiMc  4.  Reading  Time  and  Error  Frequency  in  Vertical  Situation  Diapiays 


Display  1 

A 

B 

C 

D 

ALTITUDE 

Mean  Reading  Time  (sec) 

Novices 

0.75 

1.03 

0.31 

0.32 

Pilots 

0.67 

1.55 

0.40 

0.40 

Errors 

Novices  0-500  feet 

8 

62 

0 

3 

501-1000  feet 

1 

9 

1 

2 

greater  than  1001  feet 

5 

12 

b 

5 

Pilots  0-500  feet 

6 

13 

0 

1 

501-1000  feet 

1 

2 

0 

4 

greater  than  1001  feet 

0 

3 

0 

4 

VERTICAL  SPEED 

Mean  Reading  Time  (sec) 

Novices 

0.72 

0.72 

0.40 

0.60 

Pilots 

0.72 

0.82 

0.49 

0.50 

Errors 

Novices  0-500  ft /min 

8 

11 

1 

12 

501-1Q0Q  ft/min 

2 

1 

3 

6 

greater  than  1001  ft/min 

2 

0 

S 

3 

Pilots  0-500  ft/min 

2 

1 

1 

2 

501-1000  ft/min 

1 

2 

0 

0 

greater  than  1001  ft/min 

0 

0 

0 

0 

The  problem-solving  task  involved  more  concentration  and  knowledge  of 
aircraft  maneuvers  than  did  the  other  readings,  so  only  the  pilot's 
performance  was  evaluated.  The  pilot  was  required  to  give  responses 
to  the  following  questions  for  each  slide ; 

1.  What  is  ny  present  condition?  Am  I  climbing,  diving  or 
flying  level? 

2o  What  is  my  desired  condition; 

There  were  seven  possible  solutions  to  the  problemj  these  were: 


1. 

Maintain 

dive 

2. 

Decrease 

rate 

of 

dive 

3. 

Increase 

rate 

of 

dive 

U. 

Maintain 

climb 

5. 

Decrease 

rate 

of 

climb 

6. 

Increase 

rate 

of 

climb 

7. 

Maintain 

level  flight 

All  four  instruments  had  the  same  indicator  settings  which  simulated 
the  readings  one  would  see  during  takeoff,  climb  to  command  altitude, 
tracking  a  target  and  descending.  Vertical  speeds  were  limited  to 
6,000  feet  per  minute  in  order  to  facilitate  a  direct  comparison  between 
the  conventional  and  newer  scales  en^jloyed  in  this  study. 


Attitude  Indication 


Several  experiments  were  conducted  in  connection  with  the  flight 
director-attitude  indicator. 


A  Comparison  of  Moving  Aircraft  and  Moving  Horizon  Indicators  in 
Recovery  from  Unusual  Attitudes  \inder  Conditions  of  Induced  Vertigo: 

The  experiment  was  designed  to  test  for  possible  Interference  effects 
of  a  moving  drone  indicator  on  a  moving  horizon  display  as  a  function 
of  training  with  the  moving  drone  during  the  stress  of  induced  vertigo. 
Two  experienced  pilots  were  tested  on  their  ability  to  recover  from 
unusual  attitudes  under  the  influence  of  vertigo.  A  comparison  between 
the  Minneapolis-Honeywell  FD-AI  (moving  drone  display)  and  the  Lear 
(moving  horizon  display)  was  made  in  terms  of  recovery  performance. 

Time  to  recover  and  reversal  errors  in  pitch  and  roll  served  as  criteria 
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for  thia  stu4r.  The  experiment  continued  for  six  dagra;  perforMne*  on 
sixteen  recovery  tests  for  each  Instrument  was  recorded  daily,  Prio*^ 
to  each  test  item,  vertigo  was  induced  by  turning  the  pilots  in  a  rotai,*y 
chair.  Right  and  left  rotations  were  given  equally  often  and  head  orienta 
tionwas  systematically  varied  from  upright,  to  the  left  and  right 
shoulder,  to  head-down  positions.  An  additiohnl  variable  was  the  degree 
of  experience  with  a  moving  drone  display.  Subsequent  to  the  first 
experimental  day,  pilots  received  forty,  two-minute  trials  a  day  tracking 
wi-Gi  the  MH  FD-AI  in  a  simulated  aircraft  system;  tWenty  trials  preceding 
and  twenty  trials  following  the  testing  period.  The  results  suggested 
that  (a)  exclusive  training  with  a  moving  drone  display  did  not  impair 
recovery  time  or  increase  the  number  of  reversal  errors  with  the  Lear 
indicator,  (b)  recovery  time  amd  reversal  errors  decreased  for  both 
instruments  (no  decrease  in  pitch  errors,  however,  were  observed  with 
the  Lear  instrument),  and  (c)  under  conditions  of  induced  vertigo, 
recovery  with  a  moving  drone  was  consistently  superior  to  the  moving 
horizon  indicator,  A  total  of  6?  reversal  errors,  for  example,  were 
recorded  for  the  moving  horizon,  whereas,  only  eight  were  observed  with 
the  moving  drone  display. 

Results 


Figure  29  shows  the  percentage  of  reversal  errors  for  both 
indicators  in  pitch  and  roll.  It  is  noted  that  reversal  errors 
were  absent  with  the  moving  drone  display  after  the  second 
experimental  session.  Improvement  in  recovery  perfonnance  is 
also  observed  with  the  moving  horizon  indicator  for  the 
roll  dimension.  Recovery  in  pitch,  however,  was  not  signifi¬ 
cantly  different  from  the  first  to  the  last  day.  The  total 
number  of  reversal  errors  for  the  outside-in  display  was 
eight,  as  compared  to  67  for  the  inside-out  presentation. 

(See  Table  5.) 

Recovery  time  data  are  given  in  Figure  30.  Improvement  is 
noted  with  both  displays,  but  the  overall  superiority  is  in 
favor  of  the  moving  drone  instilment.  Improvement  in  recovery 
time  is  also  a  significant  effect.  (See  Table  6.) 

Discussion  and  Conclusions  • 

Hiat  training  with  the  outside-in  display  for  attitude 
indication  did  not  interfere  with  performance  on  the  inside- 
out  display  is  clearly  indicated  by  the  results  of  this  afcu<^. 

In  addition,  recover^''  performance  with  the  moving  drone 
display  under  the  influence  of  vertigo  was  superior  to  the 
moving  horizon  indicator  on  the  very  first  day  of  the  experi¬ 
ment  when  neither  pilot  had  previously  experienced  the  former 
instrument.  Improvement  in  recovery  performance  was  observed 
with  both  indicators  from  the  first  to  the  sixth  experimental 
session.  From  this  result,  it  may  be  speculated  that  the 
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pitch  and  roll.  It  is  noted  that  reversal  errors  were  absent  with  the  movisif 
drone  display  after  the  second  experimental  eession.  Improvement  in 


recovery  performance  is  also  observed  with  the  moving  horizon  indicator  fpr. 
the  roll  dimension.  Recovery  in  pitch,  hov/sver.  was  not  significantly  different 
from  the  first  to  the  lasw  day.  The  total  number  of  reversal  errors  for  the 

outside-in  display  was  eight,  as  compared  to  67  for  the  inside-out  presentation 
(see  Table  5.). 


Table  5.  Comparison  of  Reversal  Errors  during  Recovet^  with 
the  Moving  Drone  smd  Movmg  Horizon  Attitude  Indicators 


Sessions 

Horizon 

Drone 

Probability 

1-2 

Roll 

14 

6 

0.0S8 

Pitch 

21 

2 

0.001 

3-4 

Roll 

6 

0 

0.018 

Pitch 

12 

0 

0.001 

5-6 

Roll 

1 

0 

m 

Pitch 

13 

0 

0.001 

Recovery  time  data  are  given  in  Figure  30 .  Improvement  ta  notfed  with 
both  displays,  but  the  overall  superiority  is  in  favor  of  the  moving  drone 


Figure  30,  Average  Time  to  Recover  from  Unusual  Attitudes 
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estimated  accident  rate  caused  by  pilot  disorientation  due  to 
vertigo  can  be  minimized  if  training  procedures  for  pilots 
included  recovery  experience  under  induced  vertigoj  similar 
to  procedTires  of  this  study. 

It  can  be  concluded  that  (a)  the  outside-in  presentation 
leads  to  fewer  misinterpretations  of  aircraft  attitudes  than 
the  conventional  display,  and  (b)  negative  transfer  effects 
between  instruments  is  either  absent  or  negligible. 


A  Conparison  of  the  MH  Moving  Drone  FD/AI  \d.th  Conventional  Instruments 
in  Various  Steering  Tasks: 

Four  pilots  were  given  commands  in  roll,  heading  and  beam  displacement 
on  both  the  MH  moving  aircraft  flight  director-attitude  indicator  and 
conventional  instruments.  Each  pilot  was  evaluated  by  integrating  tiie 
absolute  error,  difference  between  command  and  actual  value,  daring  the 
run.  The  smaller  the  error  integral,  the  better  the  score. 

Conclusions 


The  MH  integrated  instrument  system  was  superior  to  the 
conventional  instrument  system.  Little  difficulty  was 
experienced  in  transferring  to  the  new  instrument  concept. 
Table  7  is  a  summary  of  the  experiment. 


Table  7 .  Comparison  Mean  of  Integrated  Error 


Conventional 

MH 

Roll  Angle  Command 

200 

116 

Heading  Conmand 

118 

59 

Beam  Command 

28U 

231 

Demonstration  of  the  MH  FD/AI  Flying  the  Attack  Phase  of  the  Firs 
Control  Simulation: 

Three  pilots  flew  the  fire  control  problem  as  simulated  by  the  analog 
computer.  The  simulation  included  tactical  geometiy,  radar  dynamics, 
noise  and  aircraft  dynamics.  The  results  conpared  favorably  with  current 
capability  with  the  initial  runs  indicating  about  a  50  percent  hit 
probability.  A  mechanical  time-to-go  indicator  was  also  designed  which 
could  be  incoiporated  into  the  instrument. 
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A  Gcwqjarison  of  the  MH  FD/AI  with  the  Hughes  FD/AI: 

The  Minneapolia-Hon^rwell  and  Hughes  FD/ai  were  ccanpared  for  static 
presentations  of  navigation  and  approach  problfflns.  A  rariety  of 
flight  conditions  were  prepared  for  each  instruaent*  Pilots  and 
novices  served  as  subjects  for  this  experiment.  They  were  required 
to  make  a  single  correction  with  a  joystick  for  each  of  the  allde»- 
hovices  were  tested  uinder  two  different  stimulus  exposure  times 

second  and  0.1  second),  whereas,  the  pilots  were  presented 
all  slides  with  an  exposure  time  of  1.0  second.  Time  to  respond  and 
errors  were  recorded  for  each  subject. 


The  difference  between  the  Honeywell  and  Hughes  FD/AI 
significant  in  terms  of  the  criteria  employed. 


displays  is  not 


^om  the  results  of  this  study,  it  is  reasonable  to  assume  that 

between  the  Honeywell  and  Hughes  instruments  were  not 
stifficiently  exploited  by  the  experimental  method  employed.  With  a 
continuous  performance  task  (dynamic  rather  than  static)  practical 
differences  between  the  two  indicators  may  be  revealed. 


tu  ®  "the  experiment,  subjects  were  requested  to  estinati 

^e  bank  angle  for  each  slide  under  two  conditions  of  slide  e:q)08ure 
time.  In  the  first  case  they  were  instructed  to  make  their  estimates 
as  accurately  as  possible,  and  were  permitted  to  see  the  instrument 
as  long  as  they  wished.  In  the  second  case,  subjects  were  limited  to 
^  e^osure  of  0.1  second.  The  results  were  as  anticipated,  viz, 
the  Honej^ell  FD/AI  proved  to  be  superior  for  the  estimation  of  bank  ■ 
angle.  The  mean  error  in  degrees  of  bank  angle  for  the  longer 
exposure  time  was  3.0  degrees  and  6.9  degrees  with  the  Honeywell  and 
Hughes  indicators,  respectively.  The  error  in  bank  angle  was  increased 
to  6,1  degrees  and  8.5  degrees  with  the  0.1  second  exposure. 


Flight  Path  Angle  Presentation  for  a  FT)/ Alt 

It  has  been  ^ggested  by  pilots  and  experimental  evidence  that  some 
means  of  indicating  flight  path  angle  instead  of  pitf*  attitude  be 
^splayed  on  a  moving  airplane-fixed  horizon  type  attitude  indicator 
for  aircraft  fly^g  at  high  speeds.  This  is  based  upon  the  considera- 
^on  that  control  of  the  aircraft's  flight  path  is  more  basic  than 
maintaining  pitch  attitude.  The  wide  range  of  angles  of  attack 
encountered  in  high  speed  aircraft,  especially  with  delta  wing  configu- 

conventional  pitch  attitude  display  more 

difficult  to  use. 

Since  Path  angle  is  approximately  equal  to  the  difference 

between  pitch  attitude  and  angle  of  attack  in  the  no-roll  condition, 
we  can  use  these  two  quantities  to  obtain  flight  path  angle.  At 
high  alUtudes  ^d/or  low  Mach  number  the  flight  path  change  of  ths 
^rcraft  my  initially  lag  a  pitch  attitude  change  by  several  seconds, 
ihe  amount  of  this  lag  is  a  function  of  aircraft  cfynamics,  daz|}sr 
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configuration,  Mach  number  and  altitude.  Since  this  lag  may  be 
appreciable,  flight  path  angle  may  not  be  what  the  pilot  wants  indicated 
to  him. 

A  presentation  was  developed  which  presented  flight  path  angle  in  the 
steady-state  cqndition  while  also  having  the  transient  pitch  attitude 
change.  In  order  to  do  this,  it  is  proposed  to  eliminate  the  initial 
delay  of  "S’  presentation  by  lagging  the  angle  of  attack  input  and 
then  indicating  this  new  difference  (if*)  between  pitch  attitude  and 
lagged ©<  (o/').  By  this  means  a  better  display  may  be  obtained. 

An  analog  computer  analysis  was  conducted  to  determine  an  optimum 
display.  A  flight  path  angle  presentation  with  a  lagged  angle  of 
attack  input  was  found  which  could  be  used  in  all  modes  of  operation. 

This  display  was  then  evaluated  with  four  pilots  under  three  flight 
conditions  with  several  types  of  problems.  Pilot  control  was  not 
inproved  by  changing  the  dynamics  of  the  flight  path  angle  presentation. 
The  pitch  axis  damper  appears  to  solve  the  problem  we  expected  the 
pilots  to  encounter. 


Engine  Instruments 

Compaidson  of  Four  Integrated  Instrument  Systems: 

Four  designs  of  an  integrated  engine  instrument  were  evaluated  by  the 
method  of  static  display  presentations.  (See  Figure  31. )  All 
instruments  presented  quantitative  information  on  the  percentage  of 
syllable  thrust  and  qualitative  information  of  exhaust  gas  temperature. 
Slides  were  constructed  depicting  two  engine  instruments  and  a  Mach 
meter.  The  controls  simulated  two  throttles.  Two  series  of  Uo  engine 
perforra^ce  problems  were  developed;  one  series  representing,  in  part, 
realistic  flight  conditions  and  a  second  random  group*  Significant 
differences  in  instrument  performance  were  observed  with  the  sequential 
set  of  problems,  where  no  differences  were  observed  with  the  nandora 
series. 

The  linear  engine  display  showed  some  superiority  over  the  round  dials 
in  cases  where  matching  of  thrust  was  necessary.  The  warning  plaque 
on  the  linear  instrument  proved  to  be  too  small  and  was  hard  to  read. 

The  round  instruments  with  a  central  warning  plaque  proved  superior 
for  check  reading. 
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An  initial  look  was  taken  into  the  possibility  of  analyticallv 

f  SSle  Of 

a  single-loop  control  lystem  which  includes  the  h\unan  operator  as  a 

sySriSth  con^^'^T  interpret  such  a  system  as  .  a  saLled  data 
conotant  sampling  rate,  it  was  assumed  that  the  human 
cSSsnf  ?  represented  by  a  transfer  function  consisting  of  a 

(pilot  re\.!tLnL:?a^d"rS;rc:Sonei?:  ' 

involJed^ere  becoSnfproSbiuiL  ^^T^^Sly^f wa8®carJ5ed°oXto^°"* 
inver+r^J'  checked  ty  having  several  subjects  control  the 

function  on  the  analog  computer  in  a  time  sampling  techniaue 
Some  correspondence  was  evident  which  tended  to  disappearas  tL 
became  experienced  and  was  subjected  to  low  saSpSng'^JaSs! 
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COMBAT  OPERATIONAL  ANALYSIS  PHASE  II  MISSION  MACH  -  Z,  ALTITUDE  - 
Discussion 


5. 

8. 

11. 

13. 

15. 

16. '! 

17. 

18.  J 

19. 


to  get  up  to  idle.  (See  p.  2k  "Aircraft  Readiness 


May  take  25  sec. 

Facility'!) 

mSSlly^°^^^  ^  switch  xmtil  closed.  Latches 

Also  observes  hanger  doors  open  full. 

Both  optional.  He  cannot  exceed  7U  kts  in  runway  turn. 

He  IS  moving  at  75+  kts  "Lines  Up"  refers  to  one  or  two  corrections 
Brakes  and  rudders  used  simultaneously  for  smooth  transition. 

Visual  system  heavily  loaded  from  (8)  to  (22). 


21. 
25. 
27  • 
31. 


3ii. 

35. 

36. 
39. 

Ul. 

U2. 

Ui. 


U8. 

k9. 

50. 


51. 

55. 


(l5)°Md°K9)^^^^”^  probably  is  done  several  times  between 

Cm  pilot  do  this  by  observing  attitude  Ind?  Or  is  it  "seat  of  pants"? 
Sa).  throughout  changing 

■to  Hold  mach.  R/C  varies  from  X  l/min  C^T 

So«dat  ^  St«dard  rat.  of  climb  indiSSo?’ 

provides  no  usable  information  during  this  climb. 

Nav.  sets  revised  data  into  computer.  Therefore,  shouldn't  Nav. 

wiS^So^”^  acknowledge"  same?  Nav.  could  verbally  provide  pilot 

Follows  PND 

Assumed  still  on  full  A/B.  No  throttle  changes. 

During  climb  mach  and  heading  will  be  monitored.  Status  panel  and 
T-'-l  to  test-  outputs  cln^e'^cheLT 

wgt.  is  used**^'^  adjustments  will  be  necessary  to  maintain  M  as  fuel 

From  (li2)  to  (Ui;)  he  is  closely  monitoring  PND.  A  five  second  delav 
rn^respondrng  to  offset  turn  signal  ,dll  put  him  C0mU.S  Cid  oSse^ 

»5°»Sg°hrhas  nil 

Sa°:^dilecli  laigeToi  lio'e"’"' 

target?  response  gives  pilot  about  real  identity  of 

malf\inctioning  IFF 

quip.,  or  IS  he  an  eneny  A/C?  Assumed  at  this  point  that  pilot 

identification  pass. 

To^la^r.  momentarily  disrupted 

Size  of  target"  and  approx,  location  will  ease  task  of  spottine  bv 

™°re  effect! vl 

pilot.  Is  it  translated  to  "time-to-go"  or  "size  of  target"? 
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ident.  of  target  might  be  complete  by  recognizing 

•  PpS  f  which  case  ident.  approach  is  stopped. 

..  Passes  target  at  kts  (assuming  tgt  speed  =  M)  or  ft/sec  It  is 
questionable  that  Id.  Nos.  could  be  ?ead  at  lha(  (iL\ 

Prf'^edure  at  night?)  Will  probably  be  necessaiy  to 
throttle  back  to  reduce  rate  of  closure  for  reading  Id.  Nos 
.  Does  pilot  translate  "range"  to  "time" 

.  Sc^s  eng.  instruments  and  status  panel  during  this  time. 

.  A/0  reaches  command  heading. 

’  observed  the  mission  will  continue  as  detailed.  If 

^  speed  inter- 

pretataon  and  decision  making,  xne  pilot  will  be  receiving  info, 
from  the  Nav/AI  about  the  BCM,  but  there  are  only  two  points 

uring  all  the  possible  EGM  when  a  pilot  decision  might  be  necessarv 
indicated  under  "Pilot  Action"  by  (^:-).  ecessary, 

'  Slot^^^  positioned  target  designator  and  locked  on:  he  informs 
^v.  tells  pilot  that  large  decoy  is  homing  in. 

From  item  (8o)  there  are  3  pts  at  which  pilot  may  have  to  decide  to 

®®®®^  ^2  secs  at  which 

determined  by  when  Nav  finds  out  the  homing  decoy 

--“EinE. 

is  carried  out  pilot  will  probably  be 
^able  to  see  missile  tra*  and  by  the  time  the  missile  gets  to^target 

line  of  siSht?"*  "" 

to  '''' 

S  toction-tc- 

A/C  has  been  at  Mach  for  10.33  minutes  (excerpt  from:  Electrical 

based'^on'l^^Sn  Endurance  at  maximum  speed:  10  minutes 

m  cased  on  15  min.  c^ise  out  at  M  and  fuel  temp  limitations  at 

use  exceeded  limit  critical:  Does  pilot 

-position’  throttle  setting  for  cruise  or  throttle 

position.  Or.  would  he  retard  throttle  below  cruise  setting  and  use 

rparhpH^^^  plus  momentum  to  maintain  speed  until  cruise  alt.  is 

sStu^Jn^  advances  throttle  to  cruise  setting)? 

btatus  panel  or  knee  clipboard. 

Gradual  descent  from 

Landing  check-off  list  could  be  presented  by  status  panel 

pbeqcbibeN 

See/bra1el'aKw.e\"i“ 

are  made  throughout  approach. 

t  this  pt.  pilot  closely  observes  sides  of  runway  rising  in  his  view 
to  es^Wish  proper  T.D.  attitude  at  proper  momen?  he  cufs 
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12$.  Lands  with  5+  min.  fuel  remaining.  Will  pilot  use  FDAI  to  establish 
touch  down  attitude?  Will  pilot  use  stick  or  brake  chute  to  pivo'T  ’ 
nose  to  ground?" 

126.  Pilot  will  feel  decelleration  jolt  when  brake  parachute  opens. 

132.  Pilot  and  loading  crew.  This  check  is  done  after  loading  crew  has 
rearmed  A/C. 

'  ^pounds  added  with  new  missile  pack. 

13i|.  Further  operations  at  duty  runway  include:  A/C  will  have  to  be 

refueled  and  re-"oxygened”  equip.  Confidence  checks  will  have  to 
be  made  within  the  A/C,  and  the  aircrew  will  probably  be  changed. 

To  meet  the  spec.,  “turn  around  time  shall  not  exceed  five  minutes,'* 
it  will  be  necessary  to  complete  these  servicing  operations  idiile 
the  re-arming  is  being  done. 
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APPEJIDIX  B 

SECOND  m  SECOND  OPERATIONAL  ANALYSIS 
FOR  THE  PHASE  II  AIRCRAFT 
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APPENDIX  C 


PERCEPTUAL  AND  MOTOR  INFORMATIONAL  ANALYSIS  FOR 
PHASE  II  AIRCRAFT 

s 

NOTES: 

(Double  line  indicates  ten  seconds  elapsed.) 

1.  Equiprobable  range  ■  30  -  10%  thrust  (assumed),  to  accuracy  «=  10 
choices  *  3.32  bits.  An  additional  6.32  bits  of  information  is  proTldsd 
with  other  proposed  en^ne  instuments,  the  possible  choices  being 
increased  from  30  to  212. o  i^ich  necessitates  an  increase  in  pilot 
fixation  time  of  1.26  seconds  (at  maximum  information  input  to  the 
pilot  of  5  B/S)  every  time  the  EPI's  are  used. 

2.  Computed  separately,  two  choices  on  IFF:  (a)  find  correct  dial  out 
of  six  possibilities  (2.59  B. )  and  finding  correct  setting  out  of 
five  possibilities  (2.3,2  B.  )  -  U.901  B  -  "n"  of  30  (H.  -  log2  n), 
therefore,  the  product  of  the  possible  choices  (6  x  5)  for  a  two-level 
decision  is  equal  to  the  sxim  of  the  separate  informational  values 

of  each  level. 

3.  Receives  verbal  commxini cation,  type  of  intercept  (n  «  3,  H  ■  1.58), 

Cmd.  heading  (n  =  360,  H  *  Q*k9)  and  altitude,  (last  two  digits  “  0 
and  are  certain,  first  3  digits  provide;  5  x  10  x  10  *  500  -  n, 

H  =  9).  Total  H  =  19.0?  at  5  B/S  =  3.8  seconds.  (Assuming  a  redund¬ 
ancy  factor  of  7^^  which  is  increased  by  message  repetition  to  87.5^  - 
the  message  duration  becomes  an  actual  22. 8U  seconds  -  this  extends 
into  the  next  two  ten-second  intervals. )  Optimum  sampling  by  the 
pilot  is  assumed  which  would  equal  3.8  seconds  (spread  proportionately 
over  the  three  ten-second  intervals). 

A.  Acknowledges  message:  intcpt:  1.58  B.,  +  HDNG  {3.k9  B)  *  10.0?, 

+  Alt.  (9  B)  =  19.07  bits  at  5  B/S  =  3.8lii  seconds  x  (R-F.  )  3  * 
ll,Ui2.  Assumed:  perceptual  attention  required  only  for  nonredundant 
part  of  message,  therefore  =  3.8lii  seconds  spread  over  two 
ten-second  intervals  since  actual  doiration  exceeds  ten  seconds. 

II.  Pilot  is  steering  A/C  down  the  runway  for  8  seconds;  5  B/S  input  from 
the  external  environment,  therefore  iiO  bits. 

B,  The  control  time  with  the  stick  is  based  on  studies  with  pilots 
using  the  normal  A/C  stick.  The  average  for  a  major  stick 
movement  is  1.3  seconds;  a  secondary  movement  took  O.U  second. 

2*  'j[n  range  M  «  A  to  B,  there  are  8  calibrations,  read  to  the  nearest 
1/5  of  a  calibration,  therefore  5  x  8  *  Uo  “  n. 
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6.  "OBS  to  Pilot"  *  2,  H  =«  1,  +  «IDD  OPERATING",  (n  -  U,  H  -  2) 

*  3  bits  at  5  B/S  0.6  second. 

7.  Choice  of  one  out  of  six  represents  a  check  orientation  look  at  FDAI. 

8.  First  "press  to  test  02"  is  located  perceptually  (2  =  n,  H  =  1)  then 

feedback  is  observed  (2  choices,  IB.) 

9t  Ground  to  INTCEPT.X  -  2B,  ♦  corrected.  Hdng»  (26, )  ■  U®,  ♦  XIZ® 

(360  -  n,  H  -  8,ii9)  -  12.U9,  +  Alt,  (l)  -  13.U9,  ♦  XTZ'  (270  -  n, 

H  ■  8«08)  •  21e57  ■  total  bits  at  5  B/S  ■  Us3iU  seconds. 

10,  Finds  and  ptishes  "PRESS- TALK"  button  -  1  bit  ♦,  pilot  acknowledges: 

"Hdng  (IB)  -  2,XYZ'  (8,08)  -  19.57  -  Total  bite, at  5b/S  -  U.Ol  second, 

11,  Pilot  expects  cabin  alt.  between  0  and  30K',  n“30  (to  nearest  1,000') 

12,  To  the  nearest  calibration  (20^)  -  6  choices  ♦  on-off  -  2  choices, 
total  n  =8. 

lU.  Check  reading:  "Equipment  on  or  off" 

15»  Mach  is  computed  without  use  of  command  index.  If  command  were  set, 
the  Mach  reading  would  be  a  3  choice,  1.58  bit  perceptual  input  of  0,3 
second, 

16,  Having  established  correct  heading,  pilot  monitors  IDD  bug:  "Am  I  on  or 
to  the  left  or  right  of  course"  therefore,  3  choices,  1,58  bite  - 

17,  Started  with  WADC  Link  Study  Value  of  0,U7-second  fix  time  -  at  5  bits 
per  second  -  2,35  bits,  ■  n  »  5,  because  readings  on  Alt  are  not  equi- 
probable  events.  Holding  to  the  nearest  100  feet  over  an  assumed  equi- 
probable  range  of  2,000  feet  *  Accuracy  ■  205^, 

18,  Extra  transition.*:;  and  1-bit  inputs  are  feedback  from  panel  and  consoles 
on  pilot's  control  action, 

19,  He  listens  to  highly  redundant  patter  {9S%)  for  1:.8  seconds.  Tells  him 
direction  of  turn  at  offset  Pt,  amd  range  to  offset, 

20,  Monitors  rate  of  decreasing  ramge  over  li|,  seconds  to  offset  turn  - 
Assumed:  Control  response  is  to  be  made  within  0,1  second  of  arrival, 

21,  Scans  environment  for  2  seconds  looking  for  target"  or  "no- target", 
therefore,  2  choices,  1  bit  (2  seconds  -  scan  assumed), 

22,  Information:  "Target  (as  distinct  from  all  things  which  are  "non- target" 
=  2  choices  =  1  bit)  "detected"  (versus  "not  detected")  -  2  choices  •  1 
bit).  Also  revs:  "IFF  NEGATIVE".  Total  ■  I(  bits,  0,8  second, 

23,  ''Identification  Pass"  =  2B.  at  5  B/S  -0,1:  second, 

21:.  OBS.  to  pilot:  RADAR  ON  =  2  B,  FLY  DOT  -  2  bits,  -  U  B.  at  5  B/S  -  0.8 
second. 

25,  Observes  scope  to  see;  "Dimmer,  brighter  or  same"  3  choices. 


% 


9k 


260  Radar  scop®  provides; 


27< 


23< 

29, 

30. 

31  o 


32, 


33. 

3k  c 
36 


DOT 


ATT 


A* 

Asiat.  (on  above,  below)  "X 
Elev.  <*  *t  «  2 

Roll  (right  direct,  wrong  3 
direct,  zero  error) 
Pitch  •*  "  "  3 


T^r 

1.58 

1.56 

1.58 


at  5  B/S  -  1.26  seconds. 

Information  -  H 

••Target''  -  T 

"Range"  -  1 

"X  Miles'*  -  1 

^  bits 

Looks  at  FDAI  to  gets  "NoiWl  Picture"  or  "not  normal"  »  2  choices  1  bit. 

Pilot  detects  tarpt  at  X  NM  Dist.,  where  a  foot  target  subtends  a  visual 
^le  of  degrees  (equivalent  to  0.6l2-inch  target  at  -inch  viewing  dis¬ 
tance).  Visual  identification  is  possible  at  this  range. 

"Tgt.  Spotted"  »  2  bits  ♦  locating  press  talk  sw.  ■  l  bit. 

totcpt.  reduces  speed  from  Z  at  (-  Z2  F/second)  to  M  -  Zo  at  Zi  k» 

(■  Z^  ft/second).  Passes  target,  reads  ID  nuinbei:*s  to  ground.  (A  aix- 
^git  number  is  assumed).  It  is  further  assumed  that  pilot  cannot  iden¬ 
tify  bogey  visually.  Six-digit  number  (10  choice/digit)  -  10®  »  n. 
therefore,  H  -  19.92  at  5  B/second  3. 981;  second. 


Bits 


2 

3 


"OBS  to  pilot 
Range  X  miles 
Rate  X  miles /min" 

at  5  B/S  -  1.2 


"Ground  Control  to  Fit,  X"  ■  2B 
Target  Hostile  «  2 

at  5  B/S  *  0.8 


One  bit  to  locate  knob  -  2  ch.  +  5  choices  on  knob  (2.32  B)  ■  3,32  B 

BITS 

2 
2 
2 
2 


e  OBS  to  Pilot 
Tgt  Detected 
No  ECM 

Breakaway  Heading 


X 

Y 


360  =  8.1+9 


TOTAL  15.'5 

at  5  Vs  -  3.1  aeconda  X  3  redundant)  -  9.3  aeconda. 
oace  "6®.  to  ^llot**)  »  18.2  sconth*. 


repeated 


■  *4- 


9^ 


38.  Hit  or  '’no-hit".  Monitors  for  6  seconds  to  get  the  information, 

39,  Finds  button  -1 

"Interceptor  X  to  ground  control"  -2 

"Tgt.  destroyed"  -2 

li 

at  5  B/S  =  0,8  second 

iiO,  OBS  to  pilot  «  2  B,  +  Base  Kdng,  (2)  =  h  B,  +  XyZ°  (360  ■  n,  H  ■ 

8,U9)  -  12,lt9  B,  at  5  B/S  -  2,U9  seconds.  Spread  over  two  ten-second 
intervals . 
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jfAvr 


Ths  contact  analog  displaiy  is  a  radical  departure  from  any  current  instini- 
Mnt  system  and  thus  cannot  be  Judged  by  the  usual  standards,  Orlansky 
describes  the  concept  in  this  way?  '‘The  two  large  instruments  are  us^ 
Jointly  to  represent  the  three-dimensional  geometry  of  the  flight  situation. 

®  projection  relevant  to  the  tasks  accomplished 
duri^  flight,  that  is,  maneuvering  in  a  three-dimensional  space  with  re- 

U.SgaUo“i 

Mar^  displays  augment  numerical  values  by  pictorial  aids  (the  Hughes  panel 
elaborate  example  of  this),  but  in  the  contact  analog  numbers  function 
suplement  pictures.  Chapanis  (13),  among  others,  suggests  some 
advantages  of  pictorial  over  symbolic  displays  such  as  the  need  for 
lees  initial  training,  greater  Interpretability  and  realism.  However,  this 
display  will  not  be  »'realistic«  in  any  accepted  sense  of  the  ward,  and  no 
exper^ents  done  so  far  assess  the  value  of  a  completely  integrated  '*010- 

several  periscope  studies  seem  inter- 
e  ting  in  thiS  context;  they  show  that  pilots  cto  fly  with  no  other  display 
than  an  imperfect  reproduction  of  the  real  worlcTCcf  36).  ^  ^ 

The  great  strength  of  the  contact  analog  would  lie  in  the  fact  that  it  pro¬ 
cess  to  take  over  from  the  pilot  virtually  all  his  present  integrative  du¬ 
ties,  thus  leaving  him  free  to  operate  with  that  peculiarly  human  attribute 
Judgment.  * 
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The  concepts  underlying  this  presentation  might  briefly  be  stated  as  the 
fixed  earth  coordinate  reference  principle  and  the  pursuit  as  opposed  to 
compensatory  tracking  principle,  both  of  which  are  supported  by  a  bulk  of 
experimental  evidence,  some  of  which  is  quoted  by  Roscoe  (ii7).  The  ad¬ 
vantages  of  this  display  lie  primarily  in  its  completely  consistent  orien¬ 
tation  with  respect  to  the  fixed  earth  coordinate  system,  its  coherent  nre 

i"^°7at.ion,  the  integration  of  certain  information," 
the  use  oi  pictorial  aids  where  possible  and  the  fact  that  almost  every  re¬ 
lationship  displayed  has  been  shown  extjerimentally  to  be  EU[X!rior  to  its 

alternatives.  The  principle  disadvantages  are  its  unfamiliari- 
pilot  and  the  lack  of  precision  which  may  arise  from  usine 

offered,  albeit  imperfect,  to  increase  the  precision  of  certain  of  the  in- 
thp^i°^?°  Whether  the  demonstrated  superiority  of  the  moving  {jointer  over 

^  qualitative  readings  would  entirely  oompen- 

onlv  hp  of  quantitive  precision  under  actual  flight  conditions  can 

only  be  decided  by  research;  the  expectation  is  that  it  would  (cf  16, 

^•1  *  X  probable  that  the  panel  would  be  relatively  easy  for  new 

"Learning  should  be  mos^ 

wnen  the  direction  of  movement,  the  mode  of  ooeration  of  controls  and  the 
principles  of  instruTienL,  display  agree  with  the  population  sterotypes'*(21). 
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The  underlying  concept  is  one  of  a  fixed  aircraft  reference  with  inte- 
g ration  in  terms  of  horizontal  and  vertical  reference  lines  (3ii).  Against 
the  horizontal  scan  line  are  read  changes  in  those  parameters  related  to 
pitenj  vertical  reference  relates  heading  indications.  Thus,  "flight 
information  is  presented  in  references  consistent  with  the  control  motions 

advantages  of  the  presentation  lie 
always  know  where  to  look  for  his  instru¬ 
ment  reading!  there  are  fewer  production  problems  than  could  arise  with  a 
more  radical  displayi  actual  and  director  information  is  provided  through- 
of^th^  liJ^ted  form  in  analogous  manner,  the  moving  scale  versions  of  mLy 
f  the  anstruments  permit  any  derree  of  accuracy  desired.  What  is  gained^ 
in  precision,  however,  may  be  lost  in  interpretability:  there  is  little 
support  for  the  earth-reference  principle  in  the  literature  of  instrumen¬ 
tation,  Moving-point  indicators  are  generally  accepted  as  better  than  mov- 
ing  scales  lor  all  but  qu-mtitative  readings  (?),  and  it  is  probable  that 
pilots  c^  make  even  quantitative  readings  quickly  and  accurately  from  mov- 
^g  ^inters  rader  the  dynamic  and  familiar  conditions  of  flight  (cf  lii,  51) 

vertical  moving  scales,  confusion  of  display-con- 
th^  r  either  scale  motion  must  be  in  opposition  to 

that  ol  the  controls  or  the  scale  values  must  be  ordered  in  violation  of  the 
expected  relation  of  numbers  that  increase  from  the  bottom  up  (cf  5), 

It  must  be  said  that,  despite  these  difficulties,  the  details  of  the  disnlav 
^ve  boon  worked  out  with  great  car«,  Ti-.c  disnlay  of  director  information  ^ 
and  pictorial  aids  wall  save  the  pilot  considerable  interpretation  time,  but 
a  coi^i_stent  s^tial  orientation  is  lacking.  There  may  te  many  occasions 

SiJ  thafn^rf''”"^  becausFTHi-pilot  will  have  to  read  instruments  to  be  cer- 
tain  that  performance  is  correct. 
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NAVY:  System  Function;  Cruise  Control 
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It  is  assumed  that  a  series  of  throttle 
settings  can  be  adjusted  to  match  priori 
ties  of  economy,  range  or  time- 
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lavi:  System  Function:  Navigation  (continued) 
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NAVY;  System  Fiinctions  Navigation  Ccontinued) 
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HUGHES;  System  FviactLon  Navigation  C continued) 
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Systen  Functions  Navigation 
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Counter  for  present  position  latitude* 
longitude 


NAVY;  System  Functional  Search  and  Detection,  Tactics,  Attack 
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Cl)  Verbal  count-down  10-1  "Fire'* 
for  pursuit 


Search  and  Detection,  Tactics,  Attack  (continued) 
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NAVI:  System  FuncUoixs  Flight  Control  (continued) 
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HUGHES?  System  Function;  Flight  Control  (continxied) 
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HUGHES;  System  Function:  Flight  Control  (continued) 
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HUGHES!  System  Function:  Flight  Control  (continued) 
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WADC?  iSystpem  Function:  Flight  Control  (continued) 


NAYT:  System  FuncQ.on:  Conira\mication 
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NAVTs  Sys'bdn  P^inctionj  Housekadpui^ 
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FEAS1BILHY 

Vfh«n  conaidaring  the  possibility  of  buildine  orotot.vnmm  ^  ^ 

dif fiwHMrS  ^  schedule  useful  for  the  Phase  l/pro^^J* tJiT 

^ftrencea  ^  design  concepts  must  be  kept  in  mind.  The  Navy  conoirit^f 

system  places  it  apart  from  either  the  Hughei  or 
although  prototype  instruments  are  being  floi«  in  a 
®  production  model  could  be  available  for  Se 

.«U^ble  lor  PtaaTS:  196l'Luval^l°  •»“!<•  »• 

s'So^^tar*''  related  to 

Sst^Ume^^lroJotJJ^  H^hea  system  could  be  in  production  in  the  short- 
est  time.  Prototypes  have  been  built  and  flown  with  reported  auGoasa  rll 

<ZTnT^  ^duc"t“-.uS; 
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PHASING  IN 


Eraluation  of  the  three  systems  in  terms  of  problems  that  may  be  encounter- 
ed  in  shifting  from  Phase  I  hardware  to  each  of  the  systems  that  may  be  con¬ 
sidered  for  Phase  II,  implies  consideration  of  the  similarities  of  Phase  I 
and  the  other  systems. 

The  Navy  concept  would  create  periiaps  the  greatest  problems  from  a  design 
point  of  view,  as  it  is  a  different  presentation  from  the  Phase  I  hardware* 
The  display  generator  and  associated  computer  would  have  to  be  introduced 
into  the  Phase  II  system  to  make  possible  &he  use  of  the  contact  analog. 

The  Hughes  system  could  be  phased  into  the  Phase  II  system  with  little  diffi- 
cxaty.  It  requires  acceptance  of  the  moving  aircraft  principle  and  a  willinjt' 
ness  to  make  this  transition  in  both  aircraft  orientation  and  fire  control. 

"me  VAW  concept  could  be  phased  in  as  easily  as  the  Hughes  system  and  is 
slightly  more  acceptable  as  Phase  I  is  based  on  the  moving  horizon  principle. 
It  must  be  pointed  out  that  the  WADC  concept  involves  only  the  primary  flight 
iMtm^ntation  and  the  use  of  this  concept,  would  necessitate  compatible  de¬ 
sign  in  other  instrument  areas. 


;v. 
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GROWTH  POTENTIAL 


Hi6  gxuwth  potential  of  each  system  for  future  weapon  systems  can  only  be 
estimated.  The  Navy  system  because  of  its  unique  concept  would  be  amtici- 
pated  as  having  the  greatest  growth  for  future  weapon  systems.  The  Hughes 
system,  as  would  the  WADC  concept,  exhibits  growth  potential  for  future 
weapon  systems.  As  the  Hughes  system  already  involves  more  of  the  weapon 
system,  i.e,,  flight,  fire  control  and  navigation,  its  growth  for  future 
weapon  systems  would  appear  assured.  The  WADC  concept  is  planned  for  the 
XA  and  XB  aircraft  when  built.  From  the  point  of  view  of  expected  demands 
on  the  pilot  in  future  systems,  namely  "gaming"  the  Navy  system  has  inher¬ 
ent  in  it  the  greatest  growth  potential. 
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The  tiiree  systems  require  continued  evaluation.  At  present  the  Hugh** 
concept  has  received  perhaps  more  formal  evaluation  than  either  the  Navy 
or  WADC  concepts.  The  proponents  of  the  Navy  system  prefer  a  criterion 
measured  in  terms  of  contact  flight  performance  and  not  comparisons  with 
existing  systems.  This  suggests  that  all  systems  be  evaluated  in  terms 
of  operation  requirements  of  actual  flight.  At  present  the  only  system 
v;hich  has  accomplished  this  to  any  extent  is  the  Hughes  system.  Both  the 
Navy  and  ,.ADC  concepts  v<'ill  have  to  undergo  a  complete  and  thoroueh  eval¬ 
uation.  ‘  ^ 


No  difficulties  are  anticipated  in  evaluating  any  of  the  systems  as  all 
have  sufficient  flyable  components  to  start  such  a  study  at  this  tlna. 
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INTRODUCTION 


studies  carried  out  to  determine  the  need  for  improved  instrument^- 
tion  for  the  Phase  II  Weapon  systems  were  reported  in  Part  I  -  the  Analv 

of“the  JSsrc^oide?  summarized  in  Figure  27.  In  thiTjlot 

Of  the  most  crowded  moments  an  the  mission  for  the  pilot,  the  beeinninrof 

the  mission  from  the  time  he  is  airborne  at  1  minute  hO  seconds 

overcrowded.  Initial  vectoring  accuracy  and/  or^maS- 
T  the  weapon  system  equipnent  must  be  sacrificed  with  the  Phase 

aircraft  was®tflSroff^i^^thrSS|4r”Sod4  E5d^the®aStopilot''e^aged*as’’so 
as  pilot  workload  and  safety  permitted  (t  =  2  min  20  sec  abollt  f  fA«+^ 

T  e  pilot  then  used  his  AFCS  to  perform  his  desired  initial  vectoring  The 
c^plete  transition  from  damper  to  full  AFCS  was  assumed  to  take  plafe  in 
sS’+ih^  seconds,  a  figure  obtained  from  the  autopilot  designers,  ^During 
switching  transitions  the  pilot  devoted  some  time  to  makinrsure  the  Se 
change  had  successfully  tal<en  place.  ^ 

Once  the  pilot  had  successfully  switched  autopilot  modes  he  continued  to 

^  monitoring  the 

s  ±  rl!‘ f 

unit -  vaKeo^^  peixod  despite  maximum  autopilot  use. 
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Pilot  Workload  with  Autopilot  Engaged 
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/ 


«n«l7*ls  results  suggest  that  a  major  system  improvement  may  be  obt«^ nnH 
hr  laproving  the  pilot  workload  situation.  Improvements  are 
oonsiderablor  improve  the  pilot  load  per  unit  time.  ^ 

the  mission  using  the  now  system.  With  the  exception  of  alight  sacrificf 

the  pilot's  ToI  mIs 

“SJl;,  -‘•'■'■ires  only  a  modification  of  Jha^resirt  Ptaa. 

The  Honeywell  study  was  confined  by  contract  to  the  pilot's  coakn^t  and 
control  considerations  of  the  navigator's  cockoit  Tt  ^ 

SjnT?  *"  ““  the  vfapon  a’ya^^J^m  a  i^tar^nritTid 

wmi^aSTJo  thrilaatof';''*''"  =°'=>'P“  ““  if’ 

However,  in  the  process  of  the  mission  analysis  and  etudv  nr  +h4.  a.  , 

at  tha  pointa  which  ha  Interactad  with  tha  ^  aS  ajSSahJ  JTtS  ™\,r  c^c^ 
pit,  ideas  for  integration  of  the  tasks  and  the  associated  inatinim*n+*+f  °°°*'* 
generated.  Some  of  these  concepts  are  di-cus^d  1^^? 

"A  Revolutionai^'  Cockpit".  ai-cussed  in  the  Appendix  to  this  section, 

The  study  also  reached  the  conclusion  that  the  Kaw  rontjif.+  u.tv,  ♦  ^ 

gra^d  Concept  Hughes  Integrated  cockpit  deveSpmeiiJ  dif 

flcant  increased  weapon  system  capability  for  the  ajjcraft.  ^  slgnl- 

The  Apf)endix  contains  a  description  of  a  more  futurlntir  tv-no  nt*  ■!  * 


•/*■■»  p  A- 
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SECTION  I 

FRCNT  COCKPIT  RECOMMENDATIONS 


THE  OVERALL  COCKPIT  LAYOUT 

Figure  33  is  a  picture  of  the  recommended  cockpit  layout  based  upon  evi¬ 
dence  obtained  in  the  analysis.  The  Phase  I  cockpit  was  found  faulty  in 
dome  respects  by  the  link  studl,es.  These  have  been  corrected  in  the  ra- 
commandation.  Pilot  workload  is  reduced  by  introducing  new  vertical  sit¬ 
uation  and  engine  Indicators.  These  will  be  discussed  in  more  detail 
^ter.  The  new  configuration  also  allows  the  inclusion  of  the  status  in¬ 
formation  on  the  front  panel  and  a  better  arrangement  of  console  control^, 

Reanal^is  of  the  piI,ot  workload,  correcting  for  the  new  instruments,  shows 
a  considerable  reduction  in  the  workload  (See  Figure  3ll),  The  mean  reduc- 
tion  ^  pilot  workload  is  almost  10  percent  for  the  overloaded  minutes  in¬ 
cluded  in  ;^e  study.  The  workload  is  brought  to  a  reasonable  level  within 
the  capability  of  the  pilot, 

TT*  To^owlng  is  a  discussion  of  the  major  points  of  departure  of  the  Phase 
II  cockpit  recommendation  and  the  rationale  supporting  each  point i 

Id  By  integrating  vertical  speed,  altitude  and  command  into  one  instru¬ 
ment  as  shown  in  Figure  33,  perceptual  transition  times  between  the  in¬ 
struments  is  eliminated.  Three  separate  information  sources  have  been 
replaced  by  one  scale  which  locates  the  information  in  one  place  and  which 
In^grates  the  information  into  directly  usable,  Analog  form.  The  check 
and  precise  reading  of  altitude  and  rate  of  climb  have  been  made  easier  . 
md  more  accurate.  Planning  activity  has  been  simplified  with  experimen¬ 
tal  evidence  pointing  to  a  50  percent  saving  in  time.  An  informational 
malysls  of  the  planning  task  suggests  even  greater  savings  due  to  the  in¬ 
formation  simplification  by  the  analog  picture, 

SSomltln?’  display  is  based  on  studies  of  vertical  situation 

formation,  informational  analysis  of  the  problem  and  the  experiments 
d^ted  in  connection  with  this  study  (reported  in  Part  I  -  ASyeis).  The" 

exp^ded  over  that  used  in  the  Honeywell  Instrument  ex- 
SSriSjo  fe^  to  be  too  compressed  for  dlecrlmlnatlop.  of  l,e, 

IooaSS  with  the  Mach  meter  and  has  been  r. 

end  have  a  loglcil“«Utonehi?  SepS^ 

naXteotion  in  to  engines  which  will  be  ehown  in  the’^TOergr^snllS‘  to"!S[ 
eociated  corrective  control  is  thereo  the  as- 
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An  easily  recognizable  patteiTi  which  will  be  established  in  the  pilot *e 
mind  is  orovided  by  matching  and  integrating  the  power  output  of  the  twr 
engines.  In  the  event  of  ..all'unction  of  one  engine,  the  loss  of  power  is 
likely  to  be  quickly  detected  by  the  obvious  difference  between  the  two  ina 
tegrated  power  readings?  i.e,,  the  normal  engine  will  serve  as  a  standard 
01  comfjarison  for  the  malfunctioning  engine# 

Similarly,  an  over- temperature  condition  in  one  engine  will  be 

3.  The  main  use  of  indicated  airspeed  occurs  during  the  landing  and  take¬ 
off  modes,  Md  for  this  reason  it  is  primarily  linked  to  the^^temal  mviron 

the  P^el  considerably  shortens  its  link  to  tne  external  environraent  which  le 
d^Jg^SaS'nighf from  ln.tn».nt.  to  cont«t 

flight  director-attitude  indicator  and  the  vertical 
re'^tlonS  “>»  PU°‘-  ’•‘rml  dl. 

5#  The  st^dby  instniments  are  correctly  related  to  the  primary  informa+infi 

related  to  both  the  directional  indicator  tod  tT 
the  flight  director-attitude  Indicator  and  ie  found  close  to  both.  The  ac. 
cele^meter,  on  the  left  of  the  FDAI,  ie  logically  linkH  to  t^  ineto,JIfn  + 

vertical  position.  These  relationships  will  ease  the  transitione  toth« 
niormation  displays  when  the  pilot  initially  gains  familiarization  with  tha 
new  cockpit,  and  they  win  further  help  in  chfck  reaShg  n 
expected  information  from  the  primary  instruments, 

6,  The  communication  systems  have  been  integrated  into  one  caiaiat.n+ 

The  many  radio  control  panels  have  been  combined  without  eliminating  am^^f  * 
presently  contained  in  the  equipment.  It  ie  suggeeted  that  aoM 

^^^P^srnts^roh^^ir^:g.^  ru^^tlonanyr  riilj°“ 

DESCRIPTION  OF  INSTRtKENTS 
Vertical  Information  Display 

Figure  35  is  a  drawing  of  the  integrated  vertical  display.  The  too  five  dl»4t- 

re^esent  ^titude.  It  provides  the  quickest  poasible  and  most  erzk>r-free 

out  of  altitude  of  any  instrument  known  (References  29  and  30)  vertical 

planning  scale  is  seen  on  the  right  side,  Thriwto 

cal  position  with  respect  to  the  ground  (base  of  the  taoe)^ 

eltitude  {  thejbug  to  the  left  o/the  te^  L^ileT-O^?!  Inf^eSd 

altitude  continued  tor  the  fS^UU 

<me  mnut,.  «  the  UM-of  the  plwnlng  ecmle  ,  l«o„tno  jr.,mMWtT£b 
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Figxire  36.  Engine  Indicator 
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pr^ed  with  a 'readout  counter.  On  the-  "command  side"  of  the  planning  scale 
a  command  altitude  set  knob  is  placed  to  enable  the  pilot  to  inserrSf  com- 
m^d  altitude  w^^'n  received  verbally  under  bixiadcast  control  mode.  Data  Vnk 

provide  an  automatic  input  to  position  the  command  bu^* 

The  vertic^sped  indicator  on  the  left  provides  a  qualitative  indication  of 
direction  of  change  of  vertical  position  by  means  of  a  moving  taS  which  Sisf 

tTf  ^  direction  of  cSngf  of  Stl- 

which  is  proportional  to  the  rate  of  change  of  altitude 
tS  number  in  the  center  (a  four- place  counter  with  a  fixed  zero  on 

the  right)  provides  quantitative  rate  of  ascent  or  descent. 

triangle  can  oe  read  using  only  peripheral  vision  so 
that  It  n^  never  be  looked  at  directly,  either  when  reading  the  quantitative 
to  oi  change  of  altitude  or  when  lookinp  at  the  planning  scale  on  the  right. 

I^mically,  the  o^ration  of  this  display  would  present  the  kind  of  vertical 
information  the  pilot  needs  at  any  moment  in  readily  usable  form.  If  a  dis¬ 
crete  look  IS  taken  to  readout  actual  altitiude,  thJ  digitol  redout  wuf^e 

second)  with  no  error,  as  compared  to  the  counter 
Sd  n  7  (Phase  I)  which  showed  an  interpretation  time  of  1.7  seconds 

and  0.7  percent  errors  of  1000  feet  or  more  when  experienced  pilots  were  rLd! 
J-ng  the  instrument  (Reference  29).  p-lxois  were  read- 

instrument  is  scanned,  the  pilot  can  quickly  see  his  position  relative 
to  command  altitude  and  where  he  will  be  in  one  minute  at  his  present 

^Sd  hl°n  without- perfoming -any  of  the  mental  integrations  which  ^ 

uld  be  necessary  with  conventional  instrumento  to  get  toe  same  information. 

the'^oil^Tmiah^  ?  Pl^ed  change  of  altitude,  say  10,000  feet  to  20,000  feet, 
the  pilot  might  increase  his  rate  of  climb  until  be  observed  the  -oredictor" 

redii  to  be  at  the  desired  altitude.  Then  by  gradually 

reducing  his  rate  of  climb,  as  he  is  climbing,  he  can  keep  the  predictor  W 

fliah‘t  altitude.  In  tois  manner  he  will  arrive  at  20,000  feet  in  ifvel 

g  t  with  no  overshoot.  This  is  one  of  various  ways  in  which  the  instT^imont 

nexibility  by  providing  '.future”  information,  Te?‘ 
what  will  be,  based  on  some  present  changing  factor,  *  * 

vertical  speed  indicator  inherently  offers  any  sensitivitv 
»Mch  is  available  from  the  eenaors  and  desirable  foj  the  conSJl  p^WeraL 

Tt  vertical  speed  as  is  the  conventional  indicator. 

It  provides  an  up-down'  pattern  which  is  completely  familiar  to  the  oilot  and 

range  it  remains  consistent  in  its  directions.  A  2-inch  diameter 
atton^sXy!'’  altimeter  is  pn^/ided  to  the  right  of  the  vertical  situ- 

Engine  Instrument 

Figure  36  is  a  recommended  engine  instrument  based  on  display  studies  condurtnd 

^  Hone^ell,  A  laboratory  experiment  was  conducted  which  included  three  as¬ 
pects  oi  system  operations  i.e.s  unree  as- 

lo  Maintaining  Mach  command  with  thrust  changes 
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2.  maintaining  thrust  balance  between  engines 

3.  avoiding  overtemperature  conditions 

The  operator  was  instructed  to 
maintain  his  Mach  number  at  the 
command  Mach  unless  the  engine 
would  be  damaged  by  over tempera¬ 
ture  and  to  maintain  a  balanced 
thrust  condition  if  this  did  not 
conflict  with  engine  tempera t\rre 
and/or  Mach  command.  In  a  se- 
cjuential  or  related  order  experi¬ 
ment  the  dial  designed  on  the 
same  basis  as  that  in  Figure  6 
had  a  mean  reading  time  of  1.U3 
seconds  as  compared  to  1.95  sec¬ 
onds  for  the  second  best  inte¬ 
grated  instrument.  Further 
analysis  of  the  informational 
aspects  of  the  problem  indica¬ 
ted  that  the  simplicity  of  re¬ 
lating  the  engine  thrusts  was 
the  principle  cause  of  the  im¬ 
provement  , 


A  second  study,  unpublished  to  date,  revealed  that  the  danger  warning  qualities 
of  the  engine  condition  plague  (EOT)  were  not  diminished  by  separations  sucn 
as  found  in  Figure  j6.  The  EGT  scales  are  nonlinear  presentations  of  tempera¬ 
ture  which  have  most  of  the  scale  devoted  to  tiie  important  ranges  of  temfaera- 
ture  ex.oerienced  in  nornial  flight,  Th.e  left  engine  EGT  is  shown  in  the  nor¬ 
mal  range.  As  temperatures  increase  the  moving  tape  indicator  ris.es  and  as 
it  v^rs  or  is  at  a  dangerous  temperature,  a  warning  area  becomes  visible  as 
in  the  right  hand  EGT  display  as  shown  in  Figure  36,  This  is  part  of  the  tarje. 
which  is  normally  inviaihle  until,  the  tape  reaches  the  warning  window.  The 

movement  is  characterized  so  that  the  maxlmnni  allowable  temperature  is  at 
100  ^rcent  on  the  power  scale.  Figure  37  is  an  example  of  the  way  the  scheme 
; would  work  on  an  engine  which  has  a  maximum  temperature  of  750  degrees,  limit- 
•ed  operation  at  725  degrees,  and  normal  operation  at  650  degrees. 
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relation  to  the  apeed  of  aound.  At  apeeda  near  or  beyond  the  speed  of 
the  Indication  of  Mach  number  ia  a  more  pertinent  inatnaaent.  Most  engineer* 
ing  or  physical  characteristics  of  high-speed  flight  are  rola^bed  moat  proper¬ 
ly  to  Mach  number.  Buffeting,  skin  heating  and  flight  ccntrol  changes  in  the 
region  of  Mach  1,  are  most  easily  described  in  terms  of  Mach  number.  In  the 
event  of  an  electrical  failure  on  the  plane,  pneumatic  information  supplied 
by  an  indicated  airspeed  meter  is  invaluable  and  can  be  used  to  direct* the 
plMe  to  safs  emergency  landing.  ,  ,  .  , 

This  desirable  feature  of  the  indicated  airspeed  meter,  that  ie,  its  inherent 
correlation  with  the  control  characteristics  of  his  plane,  its  operation  with* 
out  electricity  and  its  good  accuracy  at  low  airspeeds  tend  to  Justify  the  use 
of  indicated  airspeed  as  a  separate  inetmment  for  speed.  It  was  therefore  coa» 
eluded  for  reasons  of  reliability  and  emergency  operation  that  this  instrument 
should  be  pneumatically  driven . 


Mach  number  is  a  necessary  speed  indication  in  the  area  charmeterieed  by  com- 
piressible  air  flow.  It  ia  related  to  problems  of  the  sonic  bairiar,  skin  temp* 
erature,  cruise  control,  utc.  It  is  primarily  a  high-speed  instrument  relating 
to  complex  conditions  witn  computed  desired  and  limit  situations.  It  is  there¬ 
fore  concluded  that  this  instrument  shoulo  bo  able  to  be  servoed  to  varied  in¬ 
formation  sources  such  as  the  air  data  comp\iter  and  cruise  control  computer. 

The  Mach  display  system  is  designed  to  allow  a  clear  relationahlp  brntwean  actuml 
command  and  limit  values.  The  command  indicator  can  be  'ised  in  a  vernier  feehAon 
to  increase  scale  sensitivity  for  nrecise  control  such  as  is  necessary  for 
cruise  control.  Its  physical  deeplacement  from  the  acouai  i-lacn  can  be  an  ampli¬ 
fied  function  of  the  difference  between  desired  and  actual  Mach  rather  than  com¬ 
mand  Mach  itself.  Human  engineering  experiments  of  the  instrument  have  shown 
the  suoerior  reading  characteristics  of  the  display  and  its  compatibility  with 
population  sterotyoes. 


IJjA  displays  shown  in  Figure  33  ar®  the  result  of  human  engineering  studies  and 
have  been  experlmentmlly  shoim  to  be  superior  to  other  indication  eolienes.  The 
differentiation  of  the  two  instruments  allows  quick  identification  of  the  die-  ' 
play  desired. 

Flight  Director  -  Attitude  Indicator 


Figure  33  retelne  the  flight  director  -  attitude  indicator  renonaezwled  in  Phase 
I,  The  flight  tests  and  other  research  as  described  in  the  analyeis  report  eub- 
stantlate  thie  recommendation.  Contrary  evidence  is  rsporiwd  by  the  UB  Nmvy 
School  of  Aviation  Medicine  at  Pensacola,  Fldrid4.  (Reference  33),  Thle  report 
has  to  do  with  flying  a  Sui«i»r»s  Flight  Attitude  Indicator,  The  evaluation  of 
this  hardware  is  considered  trivial  because  of  Ite  inferior  eye tern  performance 
and- poorly  designed  display.  Although  all  Honeywell  effort  on  this  problem  >\f*» 
been  stopped  since  the  decision  to  abandon  the  mo-v Ing- aircraft  display,  the  hu¬ 
man  exagineering  recommendation  remains  unchanged. 


Due  to  the  decision  to  use  the  moving-horizon  display  concept,  MH  is  developing 
,an  all^attitude  moving-horizon  display  which  will  Hs  an  excellent  instrument  for 
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the  Phase  II  cockpit.  The  ohoject  is  monitored  by  the  Honeywell  human  engineer¬ 
ing  effort  and  gives  every  indication  of  being  an  improved  indicator.  The  light¬ 
ing  of  the  instrument  appears  especially  well  done. 

It  is  suggested  that  if  sjigle-of-attack  and  sideslip  information  are  included, 
they  be  presented  on  the  director  needles  of  the  attitude  indicator.  The  recov¬ 
ery  of  the  aircraft  from  unstable  flight  regimes  in  case  of  damper  failure  may 
be  manually  possible  if  these  needles  are  properly  "quickened".  A  study  of  man¬ 
ual  flight  in  all  1 light  regimes  by  means  of  such  a  scheme  is  recommended  as  a 
further  human  engineering  effort. 

Visual  Landing  Aid 

Ai^l^ft  accidents  can  be  naturally  reduced  by  improving  the  instrumentation 
^d  for  ian^ng.  This  improvement  can  be  realized  by  considering  both  the  hu- 
maf|  engineering  and  ac-roa/namic  oroblems  involved.  Miiineapolis-Honeywell  is  cur- 
rently  worka^g  in  areas  ^hich  are  directly  aoplicable  to  this  problem  and  is  con¬ 
tracted  to  WADC  to  develop  and  produce  a  practical  landing  system. 

^er  one-half  of  all  Century  series  aircraft  accidents  are  in  landing:  most  of 
these  accidents  are  due  to  pilot  judgment  error.  Honeywell  has  completed  the  ini¬ 
tial  phase  of  developing  a  visual  landing  aid  and  will  be  conducting  flight  testa 
^  conjmction  with  WADC  to  prove  flight-test  feasibility.  The  initial  studies 
have  indicated  that  a  pilot  aid  is  oossible  which  may  save  a  considerable  number 

factors  associated  with  the  problem  was  used 
to  develpo  the  hardware  configuration  to  be  flight  tested.  This  has  resulted  in  a 
develo^ent  of  a  system  a.-,  shown  in  Figure  38.  Figure  39  illustrates  the  general 
concept  of  the  instrument.  ® 

^ile  flying  along  a  straight-line  descent  path  toward  a  ground  target,  the  angle 
at  the  pilot  s  eye  between  the  horizon  and  the  target  remains  essentially  constant 
descent  angle.  Variation  of  the  angle  between  the  horizon  and  the  tar- 
pt  indicates  that  the  aircraft  is  not  following  a  straight-line  descent  path, 

L^e  and  dimming  attribute  some  under  and  overshoot  landing  accidents  to  distor¬ 
tion  of  this  visual  cue  due  to  use  of  false  horizon  (because  of  weather,  external 
ill^ination  and/or  n.-^.oainous  terrain)  and  pilot  inability  to  use  this  cue  pro- 

’  Provision  of  a  horizon-stabilized  vertical  protractor  would 
aid  the  p^ot  in  determining  when  to  start  descending  and  in  monitoring  the  angle 
between  the  horizontal  and  the  target  point  in  order  to  maintain  a  desired  descent 

pa  Uil  0 

The  vertical  protractor  can  only  give  position  information  at  a  given  instant,  and. 
at  the  small  angles  involved  for  the  usual  descent  paths,  rate  information  is  diffi- 

display  alone.  As  a  further  aid  it  is  considered 
desirable  to  include  instantaneous  flight  path  to  provide  information  on  where  the 
aircraft  IS  actuary  going  with  respect  to  the  earth  at  any  instant.  This  display 
element  infoms  the  pilot  of  an  impending  deviation  from  the  desired  descent  path 
^cause  of  changed  flight  direction  and  allows  flight  control  adjustment  to  bTini- 
,  tiated  in  the  proper  direction  appreciably  sooner  than  if  the  vertical  protractor 
alone  were  used.  ^ 
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Figure  39, 


I-andlng  Aid  System  Display 
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During  the  landing  descent  it  is  deairabls  i 

poaslble  vhile  maintaining  a  safe  margln^boye  stJu  «» 

tlve  airspeed  ,Uh  respect  to  desired  airJwJd  as^dfa'^?  Prorislon  of  rela- 
STStem  alio,  the  ^lot  to  monitor  Ss^ed  while 

the  cockpit  during  the  descant  a  Keeping  his  vision  out  of 

Phase  I  simulation  with  favorable  results  Bv  Slq"d?  ^  b«en  provided  in  the 
Allowed  to  concentrate  on  the  SrecjS^^aere 

out  refocusing  his  eyes  on  a  needle  at  finita  s^ed  information  wlth- 

a  cluttered  display.  distance  or  attempting  to  decipher 

Communications  Control  Panels 

A  physical  relocation  of  communications  controls  is  Qurerecao+nj  u 
UO.  The  link  studies  (In  Part  I,  AnalJslsriSlLiL  "T"  ^  ''^SUr. 

equipment  would  be  suitable  for  intee^f «  ^  communications 

a?e  dsweloped  by  thrrelocatioj  ^“it^bl.  coupling  effects 

of  view,  b?th  to  enabling  him  to  q^lckto  lreatra''SiL^]!  the  operators  pblnt 
equipment  and  to  facilitating  the  use  of  toe  equipLnt  by  Ito  ?reS1o"ca?L. 

."^^rer^reL“;Stonre“\“uptodVthnanoSe%^Slo?ii'fl;‘°pS;“°^^ 

covered  an  area  of  I32  square  inches  Thus  ),fl  I  cockpit 

saved  by  the  new  configuration.  '  i^iches  of  console  space  is 

^tone^re"^":£  iTs!  tTr^wTIi^tonn^C^itf 

Of  the  communications  equipment  was  not  available  m  ^  operaUon 

mate  of  the  reduction  iS  pUorwoSload  to  ^  quantitative  esti- 

the  difference  will  be  significant.  ‘  dowever,  it  is  beUeved  that 

Remainder  of  Instrument-s 

g  2:sr.r;:!i;s;  yr-ii.'srss;- 
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Figure  40.  Commvuiications  Control  Panels 


II  RECOMMEKDATIONS 
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SECTION  II 

BEAR  COCKPIT  FLIGHT  CONTROL  INSTRUMENTATION 
RECOMMENDATIONS 


Certain  recommendations  can  be  made  concerning  the  navigator’s  position  as 
the  result  of  the  analysis  and  study.  These  are  of  necessity  incomplete 
since  the  study  was  confined  to  the  pilot’s  cockpit  and  general  flight  con 
trol  instnunentation.  The  exact  navigator-observer  workload  is  not  known 
but  is  presumed  high  in  certain  aspects  of  the  flight.  On  this  basis  the 
following  items  are  proposed: 


1.  Fuel  Management  Display 

The  results  of  the  Honeywell  fuel  management  study  casts  serious  doubt 
that  the  crew  can  handle  the  fuel  problem  with  the  facilities  available  in  the 
Phase  I  cockpit.  This  leaves  the  problem  to  the  ground  control  facilities  or 
requires  a  reduction  in  the  combat  radius  of  action.  The  recommendation  was 
made  that  a  data  acquisition,  computation  and  display  system  be  developed  for 
the  aircraft. 

This  system  displays  the  following  information  to  the  navigator  in  analog  foKnj 
Maximum  range  at  optimum  conditions 
Range  to  base 
Tactical  fuel  reserve 
Landing  reserve 
Total  fuel  quantity 


2.  Vertical  Situation  Indicator  for  the  Navigator  Station 

A  brief  analysis  of  the  mission  requirements  of  altitude  information 
needed  by  the  navigator  was  made.  It  lead  to  the  recommendation  of  a  linear 
planning  scale  display  which  presented  target,  command  and  altitude  informa¬ 
tion  in  an  analog  relationship.  This  indicator  is  described  in  CR-ED  1016  (3U). 
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SUGGESTED  FUTURE  PROGRAM 


In  conclusion,  it  is  felt  that  the  communication  of  information  cannot  be 
completely  accomplished  by  bitten  means.  The  authors  welcome  questions 
and  the  opportunity  to  discuss  the  analysis  and  recommendation  found  in 
these  few  pages . 

The  following  list  is  suggested  for  the  next  step  in  the  programi 

1.  Build  equipment  to  evaluate  recommended  Phase  II  cockpit 
system  (Figure  3.3). 

2a  Evaluate  recommended  system  with  simulation  techniques  and 
flight  test, 

3 a  Study  manual  control  of  the  aircraft  in  the  nondamper  or  basic 
airframe  mode.  Develop  '♦quickened"  display  to  allow  emergency 
recovery  of  aircraft  from  dangerous  flight  regimes. 

h.  Analyze  the  navigator  workload  and  the  possibility  of  a  one-man 
operation.  The  use  of  information  theory  and  a  study  of  the  na¬ 
vigator  equifmient  will  allow  an  accurate  estimate  of  the  feasl- 
bility  of  such  a  move# 

5.  Continue  the  development  of  the  revolutionary  cockpit  to  the  point 
where  a  specific  recommendation  can  be  made  and  evaluated. 

6.  Anaiyze  pilot  workloads  in  contemplated  missions  which  differ  from 
the  basic  one  and  determine  the  necessity  and  value  of  new  instru¬ 
ment  systems. 
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APPENDIX 

"REVOLUTIONARY'  COCKPIT 


The  recommendations  of  this  report  (Sections  I  and  II)  were  base  on  a  typi¬ 
cal  high-performance  intercept  mission.  This  mission  is  described  in  terms 
of  today's  weapons  and  tactics.  In  order  to  be  immediately  meaningful,  ef¬ 
forts  were  made  to  be  hardware  minded  and  oractical  in  the  study  and  recom¬ 
mendation.  A  second  aspect  of  the  aircraft  concerns  the  future  extension 
of  the  weapon  system  from  a  human  engineering  standpoint. 

The  question  to  be  answered  is;  "V.’hat  system  will  allow  the  crew  to  make  a 
maximum  contribution  to  the  future  use  of  the  weaoon?"  It  is  admitted  that 
the  boundaries  of  the  present  "state  of  the  art",  ‘  economic  and  political  back¬ 
ground  and  complete  analytical  justification  are  usually  violated  by  such  fu¬ 
turistic  thinking.  Bor  this  reason,  the  ideas  or  suggestions  offered  in  'this 
section  are  presented  in  broad  outline  which  can,  in  most  cases,  be  further  eX' 
plained  and  defended. 

The  iiituxe  tactical  use  of  the  manned  interceptor,  although  a  question  mark, 
has  potential  when  man's  capabilities  in  judgment  and  analysis  of  the  com¬ 
plex  situation  are  used.  The  "revolutionary"  cockpit  presented  in  this  sec¬ 
tion  is  aimed  at  using  these  capabilities. 


The  operator  is  given  a  cockpit  tailoi'ed  to  f5ive  him  tactical  planning  capa¬ 
bility,  means  of  implementing  his  decisions  and  control  of  his  vehicle.  The 
combat  problem  is  not  reduced  by  the  cockpit  to  a  push-button  level,  but  re¬ 
quires  skillful  activity  by  a  well- trained,  intelligent  pilot.  The  flexibili¬ 
ty  and  capability  of  man  then  complements  the  equipment  and  provides  a  means 
of  extending  its  use. 

The  "revolutionaiy"  cockpit  is  therefore  an  attempt  to  consider  further  ad¬ 
vancement  of  the  aircraft  by  stepping  beyond  the  present  limits  of  the  "state 
of  the  art".  Thought  of  further  significant  contribution  to  the  aircraft's 
development  raised  the  question;  "Could  the  full  use  of  automatic  flight  con¬ 
trol  and  data  input  equipment  allow  the  aircraft  to  be  flown  as  a  one-man  in¬ 
terceptor  and  still  retain  its  weapon  sophistication?" 

In  order  to  properly  answer  this  question  an  extensive  study  of  the  rear  cock¬ 
pit  task  would  have  to  be  undertaken.  Such  a  study  was  beyond  the  scope  of  the 
Resent  effort.  However,  in  the  process  of  the  mission  analysis,  in  exanAining 
the  pilot's  task  at  the  points  at  which  he  interacted  with  the  man  and  equip¬ 
ment  in  the  rear  cockpit,  ideas  for  integration  of  the  tasks  and  the  associated 
instrtunents  were  generated. 

Present  equipment  and  grovmd  facilities  are  such  as  to  make  a  two-man  intercep¬ 
tor  highly  desirable.  Interviews  with  pilots  who  have  flown  both  F"X"  and  F-*^ 
"T"  aircraft  point  to  the  present  value  of  the  two-place  aircraft.  Improved 
eqAiipnent  and  increased  automation  may  make  th.e  one-maAi  interceptor  desirable 
from  such  aspects  as  weight  saving  and  internal  coordination,  extending 
the  aircraft  into  the  future,  it  is  important  to  consider  the  potential  of  a 
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one-man  operation.  The  Maljrsie  of  the  case  where  the  autopilot  was  used 
to  its  full  capability  indicated  that  the  pilot  might  be  able  to  handle  the 
entire  Job.  Although  the  lack  of  exact  knowledge  of  the  rear  cockpit  work¬ 
load  clouds  the  issue,  a  single-place  cockpit  was  designed* 

Figure  1;1  presents  the  framework  for  the  cockpit.  The  time  limitation  of 
modem  air  combat  is  recognised  anu  an  orderly  breakdown  is  provided  in  throe 
areas.  A  planning  area  "A”  is  centered  about  a  horlaontal  situation  display. 
Here  the  pilot  can  plan  his  overall  tactic  so  as  to  insure  success.  Such  con¬ 
siderations  as  time  relationships,  weapon  launch  limitations,  available  fuel 
energy,  alternate  targets  and  retum-to-base  problems  can  be  manipulated  to 
decide  upon  the  bast  tactics.  Normally,  the  autopilot  must  tend  the  transient 
^oblems  and  maintain  the  aircraft  in  a  prescribed  flight  during  this  itage. 
Once  a  decision  of  total  plan  is  reached  the  pilot  then  would  proceed  to  area 
B  to  insert  information  into  equipment  to  establish  the  conditions  he  deeires 
the  aircraft  to  attain.  As  an  example,  he  may  decide  a  maximum  climb  to  alti- 
-ude  followed  by  a  maximum  fuel  economy  cruise  to  a  geographical  area  on  a  par¬ 
ticular  heading  is  required. 

Area  "B"  is  centered  around  a  display  of  his  primary  flight  envelope  and  his 
preset  condition  within  it.  The  automatic  equipment  will  then  program  his 
flight  which  can^^be  checked  at  each  point  of  time  by  the  condition  informa¬ 
tion  in  area  ''B”. 


Area  ”C"  provides  a  means  of  manual  control  of  the  aircraft  in  terms  of  the 
plot’s  control  requirements.  It  contains  such  information  as  is  necessary  In 
landing  by  AQCA  or  flying  the  final  attack.  It  is  anticipated  that  the  combat 
—-mission  would  eeldom  rely  on  the  use  of  area  ''C  but  that  it  would-be  used  in 
ordinary  flight  problems  of  landing  and  takeoff. 

The  "revolutionary"  cockpit  is  shown  in  Figure  h2  in  more  detail.  The  equip- 
ment  previously  located  in  the  rear  cockpit  is  integrated  with  the  necessary 
functions  of  the  front.  In  order  to  handle  +he  workload  and  improve  the  in¬ 
formation  available  to  the  pilot,  certain  majoi  instrument  changes  are  sug¬ 
gested.  The  principle  planning  or  tactical  instrument  is  the  horizontal  situ- 
ak/icn  indicator.  This  is  similar  to  several  existing  hardware  designs,  but 
furnished  certain  unique  functions. 

HORIZONTAL  SITUATION  INDICATOR  AND  PLOTTER 

The  horizontal  situation  Indicator  and  tactical  plotter  is  an  analog  presenta¬ 
tion  of  the  overall  mission  in  planview.  It  allows  the  operator  to  try  out  cer- 
^in  tactics  and  evaluate  the  probable  results  of  such  tactics.  One  a  tactic  has 
been  acted  upxDn  it  allows  the  pilot  to  monitor  the  progress  of  the  attack. 

Tte  following  are  the  desirable  features  of  this  plotting  board,  assisting  the 
pilot  in  the  following  ways?  ° 

1.  He  can  see,  at  all  times  during  the  mission,  the  bogey^s  position  and 
his  own  position,  relative  to  each  other  and  any  available  ground  referencea. 

2o  He  can  also  see  a  predicted  position  of  the  bogey  after  n  minutes  and 
simultaneously  his  own  possible  positions  in  space  after  n  minutes  Cn  »  any 
time  value  the  pilot  selects). 
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.3.  He  can  select  any  of  a  great  number  of  possible  intercept  courses*  ' 
his  selection  based  on: (a)  the  quickest  possible  intercept,  (b)  the  course’ 
which  optimizes  his  range  {at  a  low  speed  to  reduce  fuel  consumption),  or 
(c)  the  mode  of  intercept  desired:  lead-pursuit,  lead-collison,  snap-up. 

ho  He  can  plot  this  courai  as  soon  as  he  receives  radar  information  on 
the  bogey  and  he  should  be  able  to  set  up  the  entire  course  in  less  than  five 
^  seconds.  Further,  he  can  replot  the  course  in  the  same  amoijnt  of  time  in  the 

!  event  of  any  evasive  maneuvers  of  the  bogey, 

5o  This  plotting  board  can  show  him  a  decreasing  circle  of  available 
range,  for  navigating  to  base  after  the  interception. 

6,  It  can  also  locate  the  base  on  the  projected  map,  so  that  he  can  see 
at  a  glance  if  it^is  within  flying  range,  and,  if  so,  he  can  plot  his  heading 
and  flying  time  to  the  base, 

7,  He  can  use  the  board  for  plotting  and,  when  the  course  is  set  uo,  can 
feed  command  signals  directly  to  the  AFCS  (or  instrument  directors  for  manual 
flight). 

The  following  use  of  the  display-plotter  is  given  as  an  example  of  the  use  the 
pilot  will  make  of  the  system. 

As  soon  as  the  controller  receives  ground  radar  signals  which  locate  the  bogey 
on  his  plotting  board  (which  may  be  before  the  intei'ceptor  has  left  the  ground) 
he  will  be  able  to  set  up  the  intercept  course.  He  will  select  a  speed  setting 
and  begin  increas^.g  his  time  control  (swinging  the  interceptor’s  arrow  toward 
the  oxTset  point  which  is  seen  as  attached  to  the  bogey *s  vector)* 

At  this  point  it  may  be  apparent  that  his  arrow  will  not  reach  the  offset  point 
He  has  a  choice  of  increasing  the  time  control  or  increasing  the  speed  control. 
If  ne  chooses  to  increase  the  time  it  will  extend  both  arrows  (but  the  inter¬ 
ceptor’s  more  than  the  bogey’s  because  the  interceptor  is  now  at  a  higher  speed 
than  the  bogey)  and,  by  readjusting  the  flight  path  control  he  will  be  able  to 
match  the  end  of  arrow  with  the  offset  point.  If  instead,  he  chooses  to  in¬ 
crease  his  speed  control,  he  can  thereby  lengthen  the  interceptor's  arrow  with¬ 
out  changing  the  bogey's  arrow,  and  in  this  way  locate  it  in  the  offset  point. 

Up  to  this  time  both  the  terrain  features  and  bogey  symbol  and  its  position- 
predictor  arrow)  have  been  moving  on  the  plotting  board  toward  the  fixed  inter¬ 
ceptor  symbol.  The  arrows  have  stayed  at  the  length  selected  by  the  operator 
and  the  time  readings  on  the  "minutes"  display  has  remained  at  the  last  settine 
the  operator  chose,  ^ 

At  this  point  (having  located  the  interceptor's  arrow  in  the  offset  point),  the 
operator  pushes  the  AUTO  button.  This  feeds  the  command  speed  and  heading  to 
the  autopilot  (or  pilot's  directore)  and  the  time  clock  is  activated  (the  hand 
moves  toward  zero  as  time  passes).  Now  the  ends  of  the  arrows  are  fixed  with 
respect  to  the  space  coordinates  and  the  arrow  lengths  decrease  as  the  "bugs" 
fly  up  to  the  chosen  "collision"  point, 
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'  TOsition^^hfo^Jof  arrow  becomes  slightly  dislocated  from  the  desired 
^sition  C the  offset  point),  because  of  the  time  lag  from  command  siiynaTs 
to  response,  the  operator  can  make  fine  corrections?  varyiS^  o?  fS? 
three  controls  to  correctly  reposition  the  arrow.  ^  ®  ‘  ^ 

er^irwill  auto  button  is  push- 

1^;  therefore,  tl^t  lie  operlllr\LlTtltTp"rrl^^  ' 

pressed!"'^  corrections  until  after  the  AUTO  button  ha?^®e^de- 
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FLIGHT  ENVELOPE  AND  COMMAND  INDICATOR 

limits  due  to  such  ffcto?rasTrn.t,?io  graphical  representation  of  the 

alrcan  capable  or  a 

jeSnfiL^r  «.fXie"  :rth:“Lc“?f 

leads  to  a  number  of  difficulties  Thp  fiT'Q+  oD'  +  •  flight  envelope 

Anothe/erreot'^iuTrroo!SSeS*LSay°sltiaU  ^ 

or  ll^t  -bugs.,  or  Pointe'rs°:'S?^:„tL:L‘“Ll°saSr:^?^^^ 

As  seen  in  Fipre  U2,  an  instrument  is  shown  which  contains  a  tvoical 

Bmelope.  This  graphical  plot  of  the  envelope  describes  continSlly  tS  f^ghf '''■ 
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limits  of  the  aircraft  In  its  present  condition.  Changes  in  external  stores 
temperafaire  and  allowable  structural  loading  will  be  reflected  in  the  shape  *  ' 
of  this  envelope.  Malfunctions  in  equipment  causing  changes  in  flight  limits 
will  also  cause  the  envelope  to  change.  The  dynamic  outline  of  the  flight  en¬ 
velope  then  serves  as  an  indication  of  equipment  status  as  well  as  a  memory 
of  the  flight  limits,  ^ 

Within  this  envelope  an  indication  is  found  of  the  present  Mach  and  altitude 
of  the  aircraft.  The  indication  of  aircraft  condition  is  therefore  directly 
related  to  its  capabilities  and  decisions  regarding  changes  in  the  conditions 
are  made  more  safely  and  easily;  flying  into  •‘coffin"  corners  will  be  avoided 
The  circle  shown  in  the  figure  represents  "g"  limitations  for  the  aircraft. 

It  is  to  be  noted  that  Since  the  "g»  limits  are  two  dimensional,  one  can  trans¬ 
mit  fore  and  aft  acceleration  limitations  which  may  be  necessary  with  the  ad¬ 
vent  of  higher  powered  engines. 

Command  information  can  be  included  in  a  manner  shown  in  Figure  U2  along  with 
information  as  to  the  proper  sequence  to  ase  to  attain  the  command  in  the  most 
officiant  manner.  A  maximum  climb  path  is  therefore  a  possibility  where  the 
operator  can  climb  and  accelerate  his  craft  so  that  he  uses  all  the  capabili¬ 
ty  of  his  equipment  while  staying  within  its  limits. 

Further  information  regarding  possible  speeds  and  altitudes  which  can  be  a- 
cMeved  within  one  or  two  minutes  can  be  given  on  the  instrument  in  ternfi  of 
t:ume  contours,  Ilypothetically,  an  aircraft  at  M  0.8,  sea  level,  could  atUinj 
M  1.5,  20.000  feet,  in  one  minute;  M  ii.O,  ii0,000  feet  in  two  minutes. 

The  flight  envelope  instrument  could  also  be  used  to  advantage  in  a  two-olacp 
interceptor.  ^ 


Standby  information  of  aircraft  condition  will  be  chosen  as  needs  are  deter¬ 
mined  by  reliability  and  other  practical  considerations. 

The  status  panel  is  found  in  the  area  above  the  flight  envelope  instrument. 

The  search  radar  is  included  adjacent  to  the  flight  envelope  instrument. 

An  optical  projection  instrument  is  found  at  the  top  of  the  panel  to  present 
flight  and  speed  control  information.  Steering  information  for  attack,  inter¬ 
ceptor  guidance  from  AGCI,  AGCA  and  other  modes  is  found  in  this  area. 

The  concepts  described  in  this  appendix  show  promise  of  a  major  system  im- 
pirovement.  The  value  of  the  revolutionary  cockpit  to  the  anticipated  future 
of  the  aircraft  should  be  determined.  For  this  reason  the  suggested  future 
program  found  in  Section  III,  page  178,  recommends  a  continuation  of  the  study. 
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